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CHAPTER J 
INTRODUCTION
During the past 25 years, the average number of acres burned 
over annually by forest fires in the United States has been decreasing 
steadily. From 1946 to 1955, the average size of wildfires decreased 
from about 122 down to 48 acres per fire; and from 1956 to 1961, from
about 50 acres down to about 30 acres per fire. During the first
15 years of the period, the number of fires decreased from as many as
200.000 to as few as 81,000 per year. Since 1961 when there were 
99,000, the number of fires occurring annually has increased to between
113.000 and 125,000 per year. (One exception was 1963 when there were
164.000 fires.) Even so, the average area burned per fire has remained 
low, ranging from an average of 43 to as low as 24 acres per fire. 
(U.S.D.A. Forest Service 1969b),
Part of this reduction in acres burned over can be attributed to 
technological developments in firefighting techniques and equipment.
One of these important developments is the use of fire retardants and 
suppressants. Their proper use has aided in controlling wildfires and
has thus helped to decrease the acreage burned over and the number of
■fires reaching conflagration size.
Each year between 8 and 12 million gallons^ of fire retardant 
are used to help control prescribed and wild fires. The average cost
Personal correspondence with Charles W. George, Northern 
Forest Fire Laboratory, U.S.D.A. Forest Service, Missoula, Montana.
per gallon of retardant slurry delivered to fires is between 50 cents 
and $1 depending on several variables such as distance to a fire, size 
of delivery aircraft, and type of retardant. This annual expenditure 
for retardants is more than the combined cost of all other material and 
equipment purchased under U.S. Forest Service Fire Control Specifications 
(U.S.D.A. Forest Service 1968). Therefore, from Just the economic 
standpoint, it would be best to use the most effective fire retardants 
available.
For a retardant formulation to be purchased by Government agencies, 
it must first meet certain specifications (U.S.D.A. Forest Service 
1969a). In general, some of the specifications are that a material 
must (l) have acceptable corrosion, spoilage, and deterioration rates;
(2) have a specified moisture content when in dry powder form; (3) have 
an acceptable pH, density, and viscosity when in slurry form; (4) have 
a superior ability to retard combustion; (5) be easily mixed; (6 ) have 
minimum abrasion and erosion characteristics; (7) demonstrate a capa­
bility of producing a satisfactory pattern when dropped from the air; 
and (B) be visible from aircraft flying above the area where the retardant 
has been dropped. Two or 3 years may be needed for performing tests that 
will evaluate a retardant for these characteristics and they may cost 
the submitter of the retardant and Government testing agencies thousands 
of dollars in time, manpower, and equipment. Therefore, it is important 
to determine which retardants do not meet the required specifications 
and to eliminate them as soon as possible during the screening and testing 
process.
Since the ability of the chemical to retard combustion is its 
most important characteristic, burning tests are needed which will 
indicate the retardant's true ability to retard or stop a fire. My 
study was an effort to find a new test for determining fire retarding 
abilities of chemicals. The only burning test used currently for
2/evaluation is the 8 -foot combustion test.—  It consists of burning 
ponderosa pine needles or aspen excelsior fuel beds that have been 
sprayed with a chemical. The fuel beds are 8 feet long, 18 inches 
wide, and 3 inches deep. Once the retardant-treated beds attain a 
specified dryness, they are burned under standard environmental conditions 
and in a 5 m.p.h. wind. While burning, the weight loss of the fuel and 
the rate of the fire spread along the bed are recorded. These two 
parameters are used to evaluate the ability of the chemical to inhibit 
combustion. These rates are compared to those set as acceptable through 
previous testing.
Ideally, the submitter of a retardant formulation could do some 
preliminary testing of his own for retarding effects if there were a good, 
simple, standardized test that he could use. (The Government testing 
agencies also could use a simpler test for preliminary testing purposes.) 
The 8 -foot combustion test would be the best since it gives the most 
consistently discernible effectiveness information, but it would be
2 /—  George, Charles W . , and Aylmer D. Blakely. Energy release 
rates in fire retardant evaluation. (in preparation for publication. 
Intermountain Forest and Range Experiment Station, U.S.D.A. Forest 
Service, Ogden, Utah.)
very expensive an4 impractioal because of the equipment required. Any 
test which uses controlled wind conditions is more complicated to 
operate and costs more than one performed in still air. Therefore, a 
test is needed which can be performed in still air and still produce 
data that will reliably evaluate chemicals for their fire retarding 
abilities.
I. OBJECTIVES
The objectives of this study are to determine if this method
will :
1. Prove to be a simple and easy test to perform.
2 . Give reproducible results.
3. Give results that are reliable.
4. Give results that can be used to accurately evaluate the 
fire inhibiting ability of chemicals.
This study evaluates the results of burning aspen excelsior 
treated with different chemicals at various treatment levels. The 
parameters used are (l) average maximum rate of w e i ^ t  loss, (2 ) amount 
of radiation, and (3) the percent residue from each fire.
Some previously used retardant evaluation tests have proven to
be either difficult to accomplish or did not sufficiently determine the
fire inhibiting abilities of retardant formulations. Almost all of the
methods used previously have used fuels that were l/4 inch in cross
section or larger and were treated by pressure impregnation, extinguishment, 
or pretreated with materials that were tested while still wet.
My study evaluates a method that pretreats the surface of fine 
fuels and allows the treatment chemical to dry before being burned.
In this way, only the chemical was tested, not the chemical-water combi­
nation. Although some chemicals are used for extinguishment in actual 
fire situations, it is most important to know the effect of the chemical 
alone.
The significance of this study lies in finding a simple and 
inexpensive test that can be used by both private submitters and testing 
agencies for evaluating the ability of fire retardant chemicals to 
retard the combustion of cellulosic type fuels.
II. LITERATURE REVIEW
Methods used for determining the relative fire inhibiting abilities 
of chemicals when used for impregnating cellulosic materials. At the 
Tenth Annual Meeting of the American Wood Preservers' Association,
Prince (1915) expressed the need for researchers to develop methods 
for finding the most effective fireproofing chemicals for wood and methods 
for treatment. He stated that not until the late 19th century was there 
much interest in fireproofing or decay preventative treatments of wood.
By 1915, the interest in decay preventative treatments had advanced, 
but the fireproofing had not. Prince stated that in early 1912 the 
Forest Products Laboratory started investigations for fireproofing wood. 
Their first problem was " . . .  to determine the relative value and 
efficiency of various chemical compounds in rendering wood noninflammable
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or slow burning." Therefore, they had to find or develop methods that 
would properly test chemicals* effectiveness.
Prince (1915) first tried two methods reported by New York 
City (1928) and Hunt et al. (1930). They were the timber test and the 
crib test. The timber test consisted of two samples 3/4 inch by 1-1/2 
inches in cross section and 12 inches long laid parallel to each other 
across the top of a gas crucible furnace. The samples were subjected 
to a 1,70CP F. flame, and after 2 minutes they were removed and 
examined. The specifications for an acceptable treatment were that 
after removal from the heat source the flame could not last more than 
15 seconds and the glow not longer than 20 seconds. The samples were 
cut in cross section at the most deeply burned portion and the area of 
unburned material was measured.
The crib test consisted of cribs constructed of 20 samples, 
each being l/2-inch square and 4 inches long. (Hunt et al, (1930) 
reported these samples as 6 inches long and placed 6 inches above the 
flame.) They were stacked in five tiers, four sticks to a tier, and 
placed on a ring support. The 4-inch by 4-inch by 3-l/2-inch cribs were 
set 3 inches above a Bunsen burner at 1,20CP F. for 1 minute. The 
requirements for an acceptable treatment were that after removal of the 
flame source, the flame should not last longer than 20 seconds or the 
glowing for more than 30 seconds. The tendency for the flame to spread 
from one stick to another was also recorded and evaluated.
Another test used by New York City (1928) but not used or 
reported by Prince (1915) was the shaving test reported by Hunt et al. 
(1930) and Dunlap and Cartwright (1927). It consisted of a mass of 
shavings cut "fairly thick" from impregnated boards and placed 2 inches 
deep in a 12-inch-square holder with a l/2-inch wire mesh bottom. A • 
Bunsen burner was placed under the shavings for 25 seconds and then 
removed. The requirement for approval of the tested material stated 
that "the flame at no time should show higher than 6 inches above the 
top of the bed of shavings and the shavings should not be consumed in 
less than 5 minutes."
Prince (1915) states that the two methods that he tried did 
not give "sufficiently accurate comparison" in their work at the 
temperature at which combustion took place. Therefore, a new more 
applicable test was developed, the "inflammability" test. The apparatus 
used consisted of a quartz cylinder 3 inches in diameter by 10 inches 
long with a high resistance nichrome ribbon wrapped around it. The heavily 
insulated cylinder was supported in a vertical position by an iron 
framework. Another chamber about 3-1/2 inches in diameter by 8 inches 
long was attached below the other cylinder to form one continuous chamber. 
The air temperature in the cylinder was frequently measured with a 
calibrated thermocouple type pyrometer. A small pilot light was placed 
about 1 inch above the specimen to ignite the flammable gases evolved.
This duplicated the conditions of an actual fire.
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Flammability was measured by placing a sample into the upper 
cylinder that had been preheated to a constant 200P C, The sample 
was left in the cylinder until it ignited or for 40 minutes maximum.
If the sample ignited before 40 minutes it was immediately lowered 
into the lower nonheated chamber where it was allowed to burn for not 
more than 3 minutes. Data recorded were time to ignition, and how long 
the sample burned violently, freely, poorly, or not at all. Other 
tests were run at temperature intervals of 5Cf C, from 150° C. to 
45(f 0. High concentration treatments were tested first and lower 
concentrations if the heavier ones were effective.
By 1927, although the Forest Products Laboratory had attempted 
to develop one, no standard tests had been approved for testing the 
effectiveness of making wood fire resistant with chemicals, Dunlap 
and Cartwright (1927) reported that no less than 12 different methods 
were being used to make wood fire resistant but only one test, the shaving 
test, was being used to test for acceptance or rejection of fire-retardant 
lumber. They stated that this test was of little value because of a 
lack of uniformity in samples used and observation data being taken.
They also thought that the tests provided for only one type of use and 
did not recognize the possibilities of surface treatment.
Dunlap and Cartwright reported a procedure used by the U.S.
Bureau of Standards for testing painted surfaces and shingles. It 
consisted of a flat, electrically heated plate that subjected the lower 
end of a test panel to definite temperatures. The fire retardant effect
was indicated by the time required for ignition, the area burned, and the 
period of flaming. Other tests used by the Bureau at that time were 
(l) the use of a Bunsen burner to test the "readiness to burn" of the 
edges or corners of interior woodwork, and (2 ) ignition of a specimen 
and exposure of it to a constant airflow at ambient temperature or at 
30CP F. Effectiveness of treatments was measured by determining the 
"readiness" of a sample to burn, the time required for full or partial 
consumption, the flaming time, the glowing time, and the final weight 
and character of the residue.
In 1929, Dunlap improved his testing methods and developed the 
"fire tube" test reported by Truax and Harrison (l929). Hunt et al. 
(1930) explained some of the methods used previously and proclaimed 
their shortcomings as tests, especially those used by New York City.
Their report states that the fire tube test consisted of a sheet metal 
tube suspended vertically from one arm of a specially constructed beam 
balance. A Bunsen burner calibrated for 1,OOOP ±25° 0. and adjusted 
to 11 inches high was placed under the lower end of the tube. Before 
a specimen was inserted the temperature at the top of the tube was 
set at 18(f ±5° C, and the balance arm was adjusted to read 100 percent.
The specimens used were pieces from treated boards and were cut 
to 40 inches long by 3/8 inch by 3/4 inch. A specimen was introduced 
into the top of the tube and hung from the balance arm. The balance 
arm indicator was adjusted to read 0 percent at this point. The adjusted 
flame was then placed underneath the specimen and left in place for
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exactly 4 minutes then removed. Data recorded were (l) the percent 
loss of weight at 30-second intervals, and (S) the temperature at the 
top of the tube at 30-second intervals until 2 minutes after flaming 
stopped. Other data recorded were the exact time the flame went out, 
the time at maximum temperature, and the tendency of the charcoal to 
glow after the flaming stopped.
Hunt et al. (1931, 1932) and Truax et al. (1933, 1956) reported 
the results of testing the fire retarding ability of several chemicals 
and combinations by use of the fire tube test. The test specimens 
were treated by pressure impregnation so that the wood was homo­
geneously treated throughout. Several absorption levels were used to 
determine if chemicals were effective at high or low absorption levels 
or at both.
They listed the results of tests in effectiveness groupings for 
ability to suppress flaming combustion. The way they grouped some of 
the chemicals used in my study is as follows:
Group I: Chemicals that had a considerable effect in
retarding flaming combustion in light 
absorptions and a marked effect in heavy 
absorptions--sodium tetraborate, magnesium 
chloride, diammonium phosphate, monoammonium 
phosphate, phosphoric acid, ammonium 
chloride.
Group II: Chemicals that had a very minor effect in
retarding flaming combustion in light 
absorptions but a marked effect in heavy 
absorptions— calcium chloride, ammonium 
sulfate, boric acid.
Group III: Chemicals that had a moderate effect in
retarding flaming combustion when large
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Group TV:
Group V:
quantities were present in wood--ammonium 
pentaborate, magnesium sulfate, potassium 
carbonate.
Chemicals that had a noticeable but small 
effect in retarding flaming combustion when 
present in wood in large quantities-- 
potassium chloride, sodium silicate.
Chemicals that had no noticeable effect when 
present in wood in large amounts— none.
Another rating grouped the chemicals in relation to their 
effectiveness against glowing combustion. The grouped classifications 
of some of the chemicals used in my study are as follows:
Group A:
Group B:
Group C:
Group D:
Group E:
Chemicals that stopped glowing combustion 
quickly in both heavy or light absorptions—  
ammonium pentaborate, diammonium phosphate, 
monoammonium phosphate, boric acid, phosphoric 
acid,
Chemicals that stopped glowing combustion when 
in high concentration but were not very 
effective in small amounts --ammonium chloride.
Chemicals that reduced glowing combustion but 
not very fast with large or small treatment 
levels— calcium chloride, magnesium chloride.
Chemicals that had no appreciable effect on 
glowing combustion— ammonium sulfate, magnesium 
sulfate, potassium chloride, sodium tetraborate, 
sodium silicate.
Chemicals that increased the glowing combustion-- 
none.
Only three chemicals, diammonium phosphate, monoammonium phosphate, 
and phosphoric acid, showed a high degree of effectiveness in reducing 
both flaming and glowing combustion. Two chemicals, ammonium chloride 
and boric acid, were effective in stopping both flaming and glowing 
combustion in heavy absorptions but not in the lighter absorptions.
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Bruce (1956) tested the effects of some preservative treatments 
on the flammability of wood at the request of the Navy Bureau of Ships. 
He impregnated red oak with different chemicals and tested their fire 
retardant abilities by use of the fire tube test and the modified 
Schlyter ignition test reported by the Forest Products Laboratory (1959) 
and Markwardt et al. (1954).
The fire tube test procedure was the same as that previously 
noted except that red oak dowels were used. The Schlyter type test 
consisted of pairs of 3/8-inch plywood panels, 12 by 15 inches, retar­
dant treated and conditioned to equilibrium moisture content at 80° F. 
air temperature, and 50 percent relative humidity. The panels were 
set up vertically l/2-inoh apart in a frame and a Bunsen burner flame 
calibrated to 97 B.t.u. per minute and 13 inches high was placed 
under their edges. Every 15 seconds the flame was stopped and the 
panels were observed for flaming combustion. The ignition time was 
recorded as the time when any flaming was detected during one of the 
short burner cut-off times. Similar tests with 12- by 31-inch 
panels placed 2 inches apart were conducted to determine "complete 
burns."
Effectiveness of a material was determined in the ignition 
test by comparing the time to ignition of a treated panel to the 
time for untreated panels. The effectiveness of the complete burning 
test was determined by comparing the results of treated panels against 
untreated in vertical spread of flame, penetration of panels by fire,
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height of the flame at l/2 -minute intervals, duration of flaming, 
duration of glowing, and final loss of weight.
Browne and Tang (1962, 1963) made thermogravimetric and 
differential thermal analysis tests on untreated wood and on wood 
impregnated with inorganic salts. In static thermogravimetrie 
analysis, the loss in sample wood weight was recorded as a function 
of time at a constant temperature. This data served as a basis for 
calculating reaction-rate constants and activation energies for early 
stages of pyrolysis. In dynamic thermogravimetrio analysis, a wood 
sample was continuously weighed while it was being heated steadily at 
a linear rate under controlled atmospheric conditions. The results 
were plotted against the sample temperature for active pyrolysis, the 
range of temperature within which most of the pyrolysis occurred, 
and the yield of charcoal or the extent of volatilization when the 
pyrolysis was practically completed. In differential thermal 
analysis, the difference in temperature between wood or retardant- 
treated wood and a reference material was recorded continuously as 
a function of the wood sample temperature while both the sample and 
the reference material were heated by a furnace temperature that 
increased at a linear rate. These data showed the occurrence of 
endothermie or exothermic reactions at the various temperature levels 
and thus an estimate of the relative extent of evolution or absorption 
of heat.
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Eleven of the same chemicals used in my study were tested by 
Browne and Tang (1962, 1963), Table 1 shows the effects of chemicals 
on the volatilization of wood, Browne and Tang classified the 
effectiveness of chemicals in the following order :
Class 1: Chemicals that reduced the volatilization at
40CP C, on the thermogravimetrio curve with 
little increase in volatilization at 25CP C.
Class 2: Chemicals that reduced volatilization at
400P C, but increased volatilization at 
25(f C. significantly.
Class 3 : Chemicals that exerted relatively little
effect on volatilization either at 25(f
or 40CP C.
Class 4: Chemicals that decreased volatilization at
40cP C. very little but significantly 
increased it at 25(f C.
The classifications were explained by presuming that Classes 1 and
2 are good flame retardants, but Class 1 chemicals unlike Class 2
chemicals, do not allow impregnated wood to be slowly damaged or
weakened structurally at temperatures that may be encountered during
functional use.
The threshold temperature in table 1 is the point at which 
active pyrolysis of the treated wood begins as shown on the dynamic 
thermogravimetric curve. One theory is that the closer this 
temperature level is to that for the untreated wood, the more 
effective the chemical is for retarding combustion. Theoretically, 
this is true because if the chemical and wood pyrolyze at the same time, 
the pyrolysis products of the chemical will dilute or chemically react 
with those of the wood to make them noncombustible.
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Table 1.--The effect of chemioals on the volatilization of 
wood volatilized in atmospherio pressure 
of nitrogen
Chemical
250 C. 400 C. 
Dry wood volatilized
Threshold
temperature
—  —  — Percent - - -
Class 1
Boric acid 0 59 260
Sodium pentaborate 5 55 200
Ammonium pentaborate 10 58 270
Calcium chloride 13 55 210
Class 2
Magnesium chloride 16 57 190
Diammonium phosphate 23 52 180
Ammonium sulfate 28 47 170
Monoammonium phosphate 30 52 140
Ammonium chloride 35 58 150
Class, 3
Potassium chloride 5 65 210
Class 4
Potassium carbonate 33 64 195
Untreated wood 3 74 210
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Browne and Brenden (1964) conducted heat of combustion tests on 
ponderosa pine samples. Partially pyrolyzed retardant-treated specimens 
were placed in a bomb calorimeter which was fired under a pressure of 
300 pounds per square inch. The potential heat of combustion of the 
volatiles released during partial pyrolysis was computed as the difference 
between the heat of combustion of the residue and a similar wood sample 
before pyrolysis.
Brenden (1967) conducted pyrolysis tests on ponderosa pine 
shavings treated with inorganic salts to determine their effect on the 
quantities or percentages of products evolved under specified pyrolysis 
conditions. He impregnated shavings 0.005 inch thick with a salt 
solution. After drying the sample and calculating the salt retained, 
he placed it in a pyrolysis tube and heated it. The heated samples were 
exposed to either 25CP C. or 350° C. and the pyrolysis products evolved 
were collected in condenser tubes. The tubes were then weighed and the 
percentages of char, tar, water, and noncondensable gases (mainly COg) 
were determined.
Methods used for determining the relative fire inhibiting abilities 
of chemicals when used for extinguishment and for pretreating the surface 
of cellulosic materials. Most of the retardant experimental work through 
1935 was with wood that had been pressure impregnated and for use in 
buildings. Truax et al. (1939) states that in 1936 the Forest Products 
Laboratory began 3 years of studies to determine whether or not chemicals 
could be used to advantage in forest fire control and suppression. Truax 
commented that chemists were doubtful whether a chemical could be found
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that would be outstandingly superior to water but that "it was a dream 
of all firefighters." It was recognized that forest fires presented a 
situation totally different from anything for which the existing fire 
extinguishers were designed. Because of this difference, a different 
type of test was needed.
Truax et al. (1939) used a test method that had been designed by 
Folke et al. (1936) in a study of the factors involved in fire 
extinguishment. The test consisted of a crib of fuel made from 18 
pieces of clear southern pine wood, 1 inch by 1 inch by 6 inches in 
size. The pieces were stacked three to a layer and six layers high on 
a wire screen attached to a platform scale. The crib was ignited by 
four gas burners placed beneath it for 1 minute. The crib was 
allowed to burn until 50 percent of its original weight was lost. At 
that time, extinguishment was begun by applying water solutions of 
various chemicals through a small jet from a glass nozzle at a predeter­
mined and controlled rate.
Data recorded for determining the effectiveness of chemicals were 
(l) volume of liquid used for flame extinction and for total extinction 
(including glow), (2 ) elapsed time for flame and for total extinction, 
and (3 ) the weight of crib residue remaining after complete extinction. 
The effectiveness was expressed as a "Superiority Factor" based on the 
effectiveness of water as an extinguisher. A solution as effective as 
water was 1 .0 0 , more effective than water > 1 .0 0 , and less effective 
than water < 1 .0 0 .
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If tests in still air showed that a chemioal was effective when 
it was applied at 26 cc. per minute, then other tests with different 
rates of application were run on the same material. Different rates 
that were used ranged from 12 to 175 cc. per minute. The wind velocity 
was also varied from 0 to 15 miles per hour in combination with varied 
application rates for chemicals that were highly effective in still air,
Tyner (l94l) used the same method used by Truax et al. (1939) 
to test several chemicals and combinations of them. He varied application 
rates from 12 to 710 cc. per minute under no-wind conditions and "in 
such a manner as to produce crib residues of comparable weights as 
the wind velocity changed." In another type of test, he kept a 
constant extinguisher application rate while varying the windspeeds.
The effectiveness of a chemical was determined by a Superiority 
Factor determined as reported by Truax et al. (1939). Tyner (1941) 
determined (l) the effect of concentrations of chemicals, (2 ) the 
effect of rate of application, (3) the effect of wind velocity, and 
(4) combinations of the three effe^cs. He also compared his effectiveness 
data to that reported by Folke et al. (1936), Metz (1936), and Richardson 
(1937).
Tyner's study (1941) was supplemental to the Truax et al.
study (1939) and listed the data from both. Table 2 shows the comparative
effectiveness of some of the same chemicals used in my study as rated by
Tyner and Truax. The extinction superiority number was calculated by
dividing the volume of chemical solution needed to extinguish the flaming 
combustion or total combustion by the volume of water needed for the same 
result.
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Table 2. — Extinction superiority of chemical solutions over 
water when tested under no-wind conditions
Chemical
Solution concentration
Volume Superiority
Factor
Percent by weight Flame Total
Potassium carbonate 25 1.90 1.70
5 1.25 1.40
Phosphoric acid 75 1.25 1.90
26 1.50 2.40
5 1.10 1.75
Diammonium phosphate 26 1.30 2.10
5 1.10 1.80
Monoammonium phosphate 26 1.20 2.00
5 1.20 1.75
Magnesium chloride 25 1.20 1.70
Boric acid 5 1.15 1.80
Ammonium sulfate 26 1.10 1.70
5 1.00 1.60
Calcium chloride 26 1.10 1.50
Magnesium sulfate 30 1.10 1.30
Ammonium pentaborate 5 1.00 1.40
Sodium silicate 22 1.00 1.20
Ammonium chloride 28 .95 1.50
Potassium chloride 25 .90 1.20
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Data are listed in ranking order by their superiority for 
stopping flaming combustion with a solution oonoentration of about 
25 percent for most of the chemicals. In rating for total extinction, 
potassium carbonate would be placed beneath monoammonium phosphate 
and boric acid, even at only a 5 percent concentration, would be above 
magnesium chloride.
At the high concentration of 75 percent, phosphoric acid 
shows a lower effectiveness for both flaming and total extinction than 
at one-third that concentration, (This will be discussed later in 
comparison with some of the data from my study.)
Fry (1951 ) determined the effectiveness of wetting agents against 
the spread of forest fires. To do so, he used specimens consisting of 
3 pounds of purple moor grass spread evenly to a depth of about 6 inches 
in a rectangular colander 4 feet long and 2 feet wide. The extinguishing 
solution was applied for a given time to one end of a specimen while 
the other half was kept covered. While still wet, the untreated end 
was ignited and allowed to burn into the treated fuel.
To determine the effectiveness of the treatments, rate of spread 
of the fire was noted and combined with the amount of treatment for 
comparison to the effects of water in the same varied amounts.
Operation Firestop (1955) was a study designed to conduct 
exploratory investigation into potential uses of chemicals for wildland 
fire control and to develop a series of standardized laboratory tests 
that would be simple and inexpensive to perform. The tests were designed
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to permit evaluation of the efficiency of the retardant in all the ways 
it could affect fire.
Operation Firestop personnel (1955) had recognized that fire 
retardants had been advocated for use on wildfires but had not been tried 
very much and that several new retardant materials were being placed on 
the market. It was for these reasons that simple, comprehensive laboratory 
tests needed to be developed for determining which new materials were 
acceptable for operational use.
Operation Firestop tested the effect of fire retardant chemicals
on the ignition time of wood, on the fire intensity of burning wood,
and for their ability to suppress flaming wood. The ignition test was 
originally designed by Fons (1950) and modified in some ways for testing 
retardants. The test consisted of dowels l/4 inch in diameter and 
7 inches long being dipped into the retardant material, removed, 
allowed to dry, and then inserted into a muffle furnace preset at 
1 ,2 0CP F, The time until the observer detected a flame was recorded as 
the ignition time. The effect of the chemical on ignition time was 
determined by comparing the ignition time of a chemically-treated dowel 
to that of a water-treated and dried dowel.
The fire intensity test used by Firestop was designed by Fons.-/
It consisted of ponderosa pine dowels l/2 inch in diameter and 8 inches
long. They were treated by the same method as dowels for the ignition
3/
Fons, W. L . , R. S. McBride, and E. E. Draves. Investigations 
of the use of water and chemicals for forest fire suppression. 1950. 
(Unpublished report on file at California Forest and Range Exp, Sta. 
Berkeley, California.)
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test. The dowels were placed in two rows around the circumference of a 
12-inch diameter turntable. While the dowels burned, the table was turned 
at 23 r .p.m. to provide air movement to avoid room draft effects. For 
ignition, a gas ring at the base of the dowels was allowed to burn until 
a standardized level of intensity was indicated. A Gier and Dunkle 
directional radiometer was used to measure the intensity. Tests were 
conducted with either 28 or 56 dowel groups for each burn. In the 28- 
dowel groups, either 36 or 65 percent of the dowels were treated for 
different test series. In the 56-dowel groups, half of the dowels were 
treated.
The effect of the chemicals on intensity was determined by com­
paring the area under the radiometer trace for fires with part of the 
dowels treated to the traces of fires with all untreated dowels.
The flame suppression test was similar to the intensity test, 
but used a 36 inch in diameter turntable and 210 untreated dowels. The 
dowels were ignited by a gas ring which was removed after a given time. 
When the intensity of the fire reached a given level (determined by the 
radiometer) the retardant solution was sprayed onto the fire through a 
carefully regulated nozzle under controlled pressure. Data recorded 
were the amount of chemical used to suppress the fire, the time to 
suppression, and the rate of fire intensity reduction. These data were 
compared to that of suppressing the fire with water and no chemical to 
determine the effectiveness of the chemical.
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Only seven of the same chemicals used for this study were tested 
by Operation Firestop (1955). Those chemicals and their ignition time 
ratios are listed in ranking order in table 3. Only five of the same 
chemicals used for this study were tested for their effects on fire 
intensity. Those chemicals are listed in ranking order by intensity 
ratios in table 4.
Phillips and Miller (1959) tested two water-retaining slurries 
(borate and swelling bentonite clay) by use of the fire wheel (Operation 
Firestop 1955) test and an ignition test (Fons 1950). In both tests, 
dowels were conditioned in a forced air oven at 12Cf F. then dipped in 
the slurry and dried for varying periods from 1 to 5 hours by 1-hour 
intervals. Effectiveness of materials was determined by comparing the 
ignition times and radiation levels of untreated dowels to those of 
dowels treated and dried in the same manner and for the same time periods.
Dibble et al. (1961) used a steady state technique developed by 
Fons et al. (1959) to test water solutions of fire retardant chemicals and 
formulated slurries. Cribs used in the study were constructed of round 
wood dowels l/2 inch in diameter, some being 7-1/2 inches long and 
others35-1/2 inches long. The dowels were placed six tiers by six 
tiers making a crib 35-1/2 inches by 7-1/2 inches by 6 inches high.
Cribs were conditioned at 115® F. for 24 hours and after cooling were 
dipped 12 inches deep in a retardant. The cribs were dried again and 
then placed horizontal on a table to burn in no-wind conditions. The 
effectiveness of a material was determined by comparing the rates of
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Table 5.--Effect of various Chemicals on ignition time
Chemical Percent solution
Ignition time 
ratioî/
Phosphoric acid 10 .44
Diammonium phosphate 10 .56
Monoammonium phosphate 10 .65
Ammonium chloride 20 .75
Magnesium chloride 20 .68
Boric acid 1 .90
Sodium silicate 20 .93
— ^ The ignition time ratio is determined by dividing the ignition 
times of treated dowels by that of untreated dowels.
Table 4,— Effect of various chemicals on fire intensity when 50 percent
of the fuel was treated
Chemical
Percent
solution Intensity ratio^^ Peak ratio^-/
Monoammonium phosphate 10 . 63 .69
Sodium silicate 10 .83 .83
Ammonium chloride 20 .84 .89
Magnesium chloride 20 .95 1.05
Boric acid 1 1.01 1.00
—  The intensity and peak ratios are determined by dividing the 
total heat output or peak heat output of treated fuel fires by comparable 
data from untreated fires.
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spread and radiant energy levels of treated oribs to those of untreated 
cribs. The radiant energy levels were measured by use of a Gier and 
Dunkle radiometer.
Dibble et al, (1961) also used the ignition test (Operation 
Firestop 1955; Fons 1950; Phillips and Miller 1959) and developed a dowel 
combustion test for evaluating retardant slurries and water solutions.
The combustion test consisted of a specially constructed dowel holder 
mounted on a laboratory scale. Round dowels 7-1/2 inches by l/2 inch 
were treated (by dipping), dried, placed on the holder, and burned.
The scale showed the amount and rate of weight loss during burning and 
a recording potentiometer recorded the radiation intensity. Three of 
seven dowels being burned each time were treated with a retardant.
Treated dowels were burned after they had dried for 1, 2, 3, 4, and 5 
hours, respectively. Rate of weight loss and fire intensity data from 
fires containing treated dowels were compared to data from fires with 
only untreated dowels for determining the effectiveness of retardant 
materials.
Johansen (1967) developed a steady state technique similar to 
that developed by Fons et al. (1959) but used l/4-inch sticks of square 
cross sections that were either 30-1/2 inches long or 9-1/2 inches long. 
The sticks were stacked in tiers to 5 inches high. After being treated 
and dried, the cribs were burned under no-wind conditions or under 
steady-wind conditions in a wind tunnel. Cribs used in the wind tunnel 
were of l/4-inoh cross section stock but were 60 inches long by 9-1/2 
inches wind and only 2 inches high.
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Only .one-third of each crib was treated and data gathered while 
the untreated portion burned was used for comparison to that taken when 
the treated portion burned. Data for comparison in no-wind conditions 
were flame height, rate of flame spread, radiant heat, and convective 
heat. Data were gathered with a time-lapse camera, stop watch, Gier 
and Dunkle radiometer, and a thermocouple system, respectively. Only 
rate of flame spread was recorded for the wind tunnel fires.
Grove et al. (1962) tested the fire extinguishing effect of three 
different types of water additives. These were thickeners, opacifiers, 
and detergents. One set of tests consisted of placing eight pieces of 
wood 1 inch by 3 inches by 10 inches in two tiers, (The wood was 
presoaked for 30 seconds in kerosene for easy ignition.) The wood was 
ignited and allowed to burn for 4 minutes (about maximum intensity) 
before extinguishment was started. At that time, a single nozzle placed 
6 feet above the fire bed was turned on at a 1-gallon per minute rat?.
If materials showed promise of being effective on the small test, 
they were subjected to a test using more fuel and higher fire intensity. 
The test consisted of a truncated pyramid built of 2-inch by 4-inoh 
boards placed 1 inch apart in three tiers. The bottom tier was built 
of 36-inch-long boards, the second tier of 35-inch boards, and the top 
tier of 34-inch-long boards. Only the bottom tier was soaked in kerosene,
After ignition, the fuel was allowed to reach maximum intensity 
in about 3 minutes. At that time, the four nozzles placed 12 feet 
above the fuel were turned on at 3.6 gallons per minute and under 19
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p.s.i. The effectiveness of materials in both tests vas measured by- 
comparing the time for (l) total extinction of flame, (2) ignition,
Qnd (3 ) whether or not there was reignition after the nozzles were shut 
off. Comparisons were also made of (l) extinguishment time compared 
to different times before extinguishment was started after ignition, 
and (2 ) extinguishment time compared to viscosity of the material.
Hardy et al. (1962) tested chemicals which had been submitted to 
the U.8.D.A. Forest Service as forest fire retardants and suppressants.
The test procedure consisted of treating fuel beds of ponderosa pine 
needles, as prepared by Schuette (1965), with the chemicals, drying 
them for varying periods, and burning them under no-wind and 3 m.p.h. 
wind conditions. The effectiveness of materials was determined by 
comparing data taken from burning untreated fuel beds and the treated 
fuel beds. Data taken and compared were rate of spread of the flame 
front, convection column temperature, and radiant energy measured by 
a stationary radiometer,
Rothermel and Hardy (1965) tested the influence of moisture on 
the effectiveness of fire retardants by using a method similar to that 
used by Hardy et al, (1962), The test used pine needle fuel beds 
prepared according to Schuette (1965) and treated with three different 
amounts of five different chemical mixtures. The test determined the 
differences in drying times for the different mixtures and the differences 
caused by the moisture present and the retardant chemical present. The 
treated beds were burned under three different environmental conditions, 
all with wind. Data collected for comparisons were drying rates under
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different conditions, rate of spread of flame front, weight loss of the 
fuel as it burned, and radiant energy as measured by a Gier and Dunkle 
radiometer placed to look at one 2-foot section of each fuel bed.
M u r a r o ^  used a modified fire tube (Hunt et al. 1930) to test 
the effectiveness of chemicals and chemical combinations. He used a 
steel tube 18 inches long by 1-1/2 inches in diameter and open at both 
ends. Holes were drilled in the tube on all sides to accommodate 
visual observations. Dowels 7-l/2 inches long and l/2 inch in diameter 
were dipped in a retardant mixture and then allowed to dry for 1-, 2-, 
3-, 4-, or 5-hour intervals. At the end of each hour, four dowels were 
removed from the drying oven and placed in the fire tube.
A Bunsen burner flame calibrated at 30CP C. was placed under the 
tube and the treated dowel ignited. A thermocouple at the top of the 
tube was used for recording temperatures every 15 seconds. The time 
from insertion of the dowel until a yellow flame appeared in the tube 
was recorded as the ignition time for each dowel. Duration of burn was 
recorded as the time from dowel insertion until no flame was visible 
in the tube. The material remaining after combustion ceased was 
recorded as residue.
4/ Muraro, J. S. A laboratory evaluation of aerially applied 
forest fire retardants. 1960. (Unpublished master's thesis on file 
at School of Forestry, University of Montana, Missoula.)
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Comparison of data from treated dowels to that from water treated 
was used for determining the effectiveness of chemicals. From these 
tests, Muraro concluded that monoammonium phosphate was a better fire 
retardant than diammonium phosphate■except immediately after dipping 
the dowels.
CHAPTER II
PROCEDURES
The equipment used for gathering and recording data in this 
study is similar in many ways to that used by other researchers.
The three parameters measured in this study have also been used by 
others but with some different emphasis. The principle difference 
between this and other tests is the fuel used and the techniques for 
gathering information. The same chemicals have been tested many times 
before, but in most previous tests the evaluation of the chemical was 
the primary reason for testing. In this study, the chemicals were used 
as a common medium for comparisons in evaluating the new testing system,
I. CHEMICAL SELECTION
Fourteen chemicals were selected for use in this study (table 5), 
Each chemical was selected because of fire inhibiting characteristics 
it has exhibited in other fire tests, mainly those tests conducted at 
the Forest Products Laboratory, Madison, Wisconsin. Chemicals with 
poor as well as those with good fire inhibiting characteristics were 
chosen so that the testing system being evaluated could be examined 
for its sensitivity to a full range of chemioal effectiveness.
The principle sources for comparative data are the thermogravimetric 
analysis (TGA) studies performed by Browne and Tang (1962; 1963). Four 
classes of chemicals were delineated according to their effectiveness
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Table 5.— Characteristics of chemicals
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Water of 
hydration
Saturated 
solution 
at 2CP C.
Chemical name 
Molecular formula
Molecular 
weight 
fAnhydrousi 
(HydrousT
53.50
132.0
115.0
144.2
544.4
132.1
Chemical
Lost at Anhydrous Maximum used
115^ F. chemical per solution Water
Percent moles Percent 100 grams HaO mixed weight
Ammonium chloride 
NH4 CI
Ammonium phosphate 
(Dibasic) (WH4 )gHP0 ^
Ammonium phosphate 
(Monobasic) NH4 H2 PO4
Ammonium pentaborate
Ammonium sulfate 
(NH4)g804
Boric acid 
H3 BO3
Calcium chloride 
CaClg'6 HgO
Magnesium chloride 
MgClg'6HgO
Magnesium sulfate 
MgSOa'THgO
61.8
111.0
95.2
203.3
120.5
26.5
49.35
53.17
51.2
27.1
56.7
34.5
7.06
43.0
4.8
42.9
35.2
25.2
Grams
37.2
131.0
7.03
75.4
5.04
74.5
54.5
35.0
Percent
25
30
30
30
10
30
30
25
Grams
1067
3200
1286
3000
1286
3000
452
6000
1286
3000
467
4200
1266
3000
1286
3000
1067
3200
Phosphoric acid 98.0
H3 PO4
Potassium carbonate 138.2
KgCOg'liHgO
Potassium chloride 74.5
KCl
Sodium tetraborate 201.3
NagB40Y'10Hg0
Sodium silicate 242.3
Nag0'3Si0g
16.3
47.7
95.9
52.8
25.4
2.63
39.0
112.0
34.0
2.7
40
30
25
28
3216
3784
1286
3000
1067
3200
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(see page 14). This study uses many of the same chemicals (see page 15) 
used in the TGA studies and separates them into effectiveness classes 
that are compared to the TGA rankings.
Most of the chemicals in this study were also previously tested 
for their effectiveness on burning tests conducted by Truax (1939)
(see page 19). Truax rated the chemicals differently from Browne and 
Tang because of different objectives. Browne and Tang were interested 
in finding chemicals that minimized the decrease in structural strength 
of wood as it burned while Truax was interested in stopping the spread 
of fire through forest fuels. Browne and Tang impregnated their test 
samples under pressure but Truax sprayed or dipped his fuel so that 
the treatment remained on the fuel surfaces.
Chemical solution preparation. Chemical solutions were applied 
in an effort to get five different levels of each chemical onto the 
fuel. To do this in only one sprayer application for each basket of 
fuel, several different solution concentrations were used. The maximum 
amount of chemical used for each solution was determined by the maximum 
amount of anhydrous chemical dissolvable per 100 grams of water at 2CP 
C. Most of the saturated solutions were about 25 to 30 percent by 
weight, therefore, those concentrations were used as the maximum for 
most chemicals. A 40-percent maximum solution was used for phosphoric 
acid. The three boron compounds had low saturation points so the 
maximum concentrations were prepared and sprayed in multiple applications 
to obtain different amounts of chemical for different fuel beds (table 5),
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Each maximum concentration value used was divided into five 
different levels for application. Concentration levels for all chemicals 
were kept as close in value as possible so that corresponding amounts of 
different anhydrous chemical would be used on the fires.
After each chemical was used to spray three baskets, the excess 
solution was diluted to the next lower concentration. The dilution 
amounts were determined by either of two simple formulas ;
Percent x total amount of solution _ The volume diluted to for (l) 
1 - percent a given lower concentration
where ;
percent = the concentration of the solution
being diluted
total amount of solution = the weight in grams of concentrated
solution being diluted
1 - percent = 1 minus the percent solution being
diluted to.
New percent concentration desired 
Concentrated solution percent - new concentration percent desired (2)
This gives the ratio of parts of water to add to parts of a known 
solution concentration to make a lower solution concentration.
Table 5 lists the chemicals used for this study, their chemical 
formulas, and other information used for determining the amounts of 
anhydrous salt dissolved in water for each solution. In the molecular 
weight column, the anhydrous weight is listed opposite the chemical 
name. In the chemical weight per water weight column, all chemical 
weights are anhydrous. When mixing hydrated chemicals, the amounts of 
anhydrous chemical in a given weight of hydrous chemical were determined
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and the hydrous weight adjusted to give a desired amount of anhydrous 
chemical in a given solution concentration. The listed water of 
hydration was used for determining what the fuel beds were expected to 
weigh when they reached approximately 1.5 percent fuel moisture content,
II. PRELIMINARY TESTS
Fuel. Preliminary tests were conducted at the Northern Forest 
Fire Laboratory to determine what size aspen excelsior, treated or un­
treated, would give reproducible results when burned. It was determined 
that excelsior .021 by .021 inch in cross section and 3 to 5 inches long 
would give reproducible results when it was packed at approximately 
.35 gram per cubic inch in a 3 -inch layer, (This density is about the 
same as that used for other fire tests with excelsior.)
The aspen excelsior (Populus tremuloides) was produced by the 
American Excelsior Company, Ricelakes, Wisconsin, Some of the excelsior 
characteristics are:
Specific gravity : 0,36 (when green)
: 0.40 (ovendry)
Heat of combustion : 18.69 B. t.u, per gram
Chemical composition : 25 percent lignin
: 42 percent alpha-cellulose
; 33 percent hemicellulose
Treatment method. The data from several fires were used for 
determining what method to use for treating the fuel. Dipping the fuel 
proved to be too cumbersome and unpredictable, especially when thickened 
materials (not used in this study but tested in actual retardant formulation
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tests) -were used. Very thick material would not penetrate more than 
1/2 inch into the excelsior.
Spraying the chemical onto the fuel was determined to he the 
easiest and best regulated method for treatments. Low concentration 
solutions were first tried by multiple application to get varying 
amounts of chemical onto the fuel. This method caused variations in the 
liquid penetration into the fuel mat; the more times a basket was 
sprayed, the deeper the penetration into the fuel. This caused notice­
able differences in the burning results.
The information in table 6 shows the variation in burning results 
caused by a difference in the fuel treatment method, A 6-percent 
solution of diammonium phosphate was used for the multiple treatments 
and more concentrated solutions of 12, 18, 24, and 30 percent were 
used for the single applications.
Treatment level. It was determined that spraying the water so­
lutions on in one application and varying the concentration would give 
approximately the same penetration on each basket if each were under 
the sprayer for the same time period. Various solution concentrations 
varying from 6 to 30 percent were sprayed to determine variation in the 
amount of solution reaching the fuel baskets in grams per second.
The amount varied from 22 to 25 grams per second because of variation 
in solution densities. At this rate, it was decided to let the basket 
pass beneath the sprayer in exactly 8 seconds. In that time, approximately 
180 to 200 grams of solution would be applied and the amount of dry 
chemical would be dependent only on the solution concentration.
Table 6.— Comparisons of preliminary data from fires with fuels 
treated by single and multiple spray applications
Single spray Multiple sprays
Treatment
level
Rate of 
weight 
loss
Amount of 
radiation Residue
Number of 
times 
sprayed
Treatment
level
Rate of 
weight 
loss
Amount
radiation Residue
G./ft.^ G./min./ft,^ B.t.u./ft.^ Percent G./ft> G./min./ft B.t.u./ft.2 Percent
8.0 189 .327 7.1 1 6.2 202 .270 8.4
9.3 178 .261 13.3 2 8.4 149 .206 9.9
13.7 295 .228 15.5 3 13.3 197 .198 12.7
14.7 180 .186 17.1
16.9 120 .237 18.2 4 15.6 144 .209 19.1
17.3 199 .224 16.8
22.6 132 .211 18.2 5 20.0 88 .204 20.0
24.0 195 .200 22.9
wo>
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Conditioning. Two methods were used to determine the ajnount 
of fuel moisture lost from treated and untreated fuels as they were 
dried in a forced air oven at 115° F. (higher temperatures were not 
used because they might partially pyrolyze the fuel and decompose the 
treatment chemical). In the first method, a sample of excelsior was 
conditioned for 24 hours in stable, ambient air and another sample 
was dried in the oven for 24 hours. Fuel moisture content (fmc) was 
then determined for both samples by the xylene distillation method.
The results (table 7) showed that ambient conditions caused the fuel 
to have an average fuel moisture content of 5.24 percent. The fuel 
samples conditioned in the oven had a fuel moisture content of 1.45 
percent. Thus to use 340 grams of condit*ioned fuel in each fire, 354 
grams of fuel stored under ambient air conditions would be needed.
The second method for determining the fuel moisture lost was by 
just weighing untreated fuel before and after it was conditioned.
Before untreated baskets of fuel were burned as control fires, the fuel 
was conditioned for varying periods to determine the actual time it 
took for the fuel moisture content to stabilize in the oven. By so 
doing, it was found that it took approximately 30 minutes for 354 grams 
of fuel to lose 12 to 16 grams of water. The average amount of water 
lost from different fuel baskets was 14 grams (table 7). Therefore, 
it was determined that after each 354 grams of fuel was treated and 
conditioned, a standard 14 grams would be included in the water loss 
expected from the treatment solutions.
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Table 7.--Two methods for determining fuel moisture 
lost while conditioning excelsior
Fuel moisture lost determined by xylene distillation Fuel moisture lost 
while conditioning 
354 grams of 
untreated fuel
After drying fuel 
for 24 hours 
at 116° F.
After reaching 
equilibrium at 
room temperature
Percent of dry Percent of dry Basket Grams
fuel weight fuel weight désignât:ion lost
1.85 5.13 1 16
1.83 4.87 2 15
1.45 5.03 3 16
1.36 4.74 4 14
1.72 5.90 5 14
1.73 5.79 6 14
1.21 4.70 7 14
1.21 6.31 8 14
1.33 5.02 9" 14
1.30 5.26 10 15
1.95 5.54 11 12
1.40 5.80 12 12
1.17 ' 4.87 13 16
1.06 5.03 14 15
1.16 5. 63 15 13
1.29 5.47 16 13
1.27 4.82 17 16
1.34 4.83 18 14
1.89 4.91 19 14
1.50 4.10 —
S = 29.02 2 = 104.75 2 = 271
X = 1.45 X = 5.24 X = 14
5.24 - 1.45 = 3.79 percent 
354 grams x .038 = 14 grams
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III. FUEL PREPARATION METHODS AND PROCEDURES
Fuel basket construotion. Hardware cloth l/2-inch by l/S-inch
mesh was used for constructing containers to hold the fuel while it
was being treated and burned. The containers (baskets) were built 
18 inches by 18 inches by 3 inches deep. (This is the same width and
depth of fuel as used for 8-foot-long pine needle fuel beds for
retardant testing in the wind tunnel done by Rothermel and Hardy 
(1965).) The sides of the baskets were left open but the bottom was 
covered with an 18 by 24 mesh bronze hardware cloth. It allowed air 
to be pulled into the fire from beneath but prevented the residue from 
falling from the basket. A small tag with a number or letter stamped 
on it was fastened to one corner of each basket for identification 
purposes.
Fuel bed construction. Excelsior was received in approximately 
80-pound bales which were broken open and the individual fibers pulled 
apart enough for the wood to be exposed to the room environment.
After conditioning for 24 hours, the excelsior reached equilibrium 
moisture content under the room conditions in the laboratory. The fuel 
was then weighed into the baskets in 354-gram portions. The fibers 
were all loosely packed into each basket first, being sure that the 
corners and edges were filled, then the 4- or 5-inch-thick mat was 
packed gently until it was 3 inches deep or even with the top edge of 
the basket. A pair of grass shears was used to trim any fibers protruding
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above the basket top or through its sides. The basket was then 
reweighed and adjusted to contain exactly 354 grams of fuel. The 
basket of fuel was then ready for treatment.
Fuel treatment procedures. The apparatus for spraying chemical 
(fig, l) onto the fuel was a 2-gallon stainless steel tank with a con­
stant pressure held at 12 pounds per square inch. A 8030 Teejet^ 
nozzle was used which caused the chemical solution to be ejected 
in a fan-shaped spray. The tank was mounted so that the nozzle could 
be adjusted to 100 centimeters above the surface of the fuel being 
sprayed.
The fuel basket was pushed beneath the spray on a four-wheeled 
cart at 2.25 inch per second for 8 seconds. At this speed, approximately 
180 to 200 grams of solution reached the fuel and was spread evenly 
over the surface, therefore, causing a consistent depth of penetration,
A board (fig. l) with a 5-inch by 18-inch slot was placed so that the 
fuel basket passed underneath the slot and the spray could reach the 
fuel only through the slot. This prevented excessive solution from 
falling onto the outsides of the basket and thus prevented erroneous 
calculations of the amount of chemical applied to the fuel. It also 
provided a catch basin for excess material that could be collected 
and reused.
Fuel conditioning. Immediately after spraying, the basket and 
fuel were weighed to the nearest gram for later determination of the 
treatment level. The treated fuel and the basket were then placed in
41
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Figure 1,--Apparatus for spraying chemical solutions onto the fuel,
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the forced air oven at 115° F. to dry until only the bound water re­
mained and the fuel moisture was approximately 1.5 percent. The amount 
of solution applied and the percent concentration being known, the dry 
chemical weight could be calculated. By using the 14-gram loss in 
fuel moisture (determined in table 7), the amount of solution applied, 
and the percent concentration, the weight of the dried fuel and chemical 
was calculated. The baskets were taken from the oven and weighed 
periodically until the calculated weight was obtained.
In some cases, the material did not lose the amount of moisture 
expected and in others it lost too much. These amounts were attributed 
to (l) variations in the solutions because of evaporation during spraying, 
(2 ) errors in the expected percent concentrations (multisprays of 
saturated solutions), (3) small variances in moisture content of the 
excelsior, and (4) unexplained losses or gains in water of hydration. 
(Table 5 gives the expected water of hydration losses for each hydrate.) 
The variations in fuel moisture may have caused some inaccuracies in 
calculating the chemical treatment level, but the methods used for 
determining the treatment prevented avoidance of these errors.
IV. DATA MEASURING SYSTEMS
Weight loss. Weight loss was measured by use of a transducer 
cell (made by Statham Instrument Company) combined with a load cell.
The mechanical load cell, physically constructed to measure loads from 
0 to 10 pounds (with a load limit of 1-1/2 times the rated range)
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was connected to the bottom of the transducer cell. Mechanical 
pressures exerted against the load cell were transmitted to the trans­
ducer which converted a set excitation voltage into a proportional 
electrical signal. The signal was transmitted to a readout which was 
used in conjunction with a variable resistor to calibrate a strip- 
chart recorder scale. Signals from the readout were recorded as 
grams of weight loss.
Chart calibration was done by placing a 500-gram weight on the 
basket support frame. This level of pressure was adjusted to read zero 
on the chart by use of the balance adjustment on the analog readout. 
Another 500-gram weight was then placed on the support frame. This 
level of pressure was adjusted to the top of the chart scale by use of 
the variable resistor that was placed electrically between the readout 
and the recorder. If a full scale calibration was not possible with 
a given resistor setting, the sensitivity adjustment on the analog 
readout was changed to allow a higher excitation voltage to be used, then 
the recorder was recalibrated. This procedure was repeated until the 
recorder was calibrated as 500 grams full scale. Baskets of fuel 
weighing more than 1 kilogram required a recorder adjustment with the 
recorder zero knob. This adjustment placed the recorder needle at 
the top of the chart when the treated fuel was placed on the weighing 
system and thus allowed recording of all weight loss information.
Basket support. Figures 2 and 3 show a photo and a nonproportional 
schematic diagram of the weight loss measuring system. A pipe stand
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Figure 2,— Apparatus for measuring the weight loss and radiation data.
WEIGHT LOSS AND RADIATION MEASURING SYSTEM
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?ip;ure 3. Diagram of the weight loss and radiation measuring system.
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with a 24-inch-square top was used to support the weighing system. The 
system consisted of a base made of two aluminum plates 12 inches square by 
1/8 inch thick attached to the bottom and top of two 3-inch by 12-inch 
aluminum I beams. The top plate had a hole cut in its center through which 
was fastened a load cell and transducer. The center of another 12-inch- 
square aluminum plate was attached to the load cell by only one screw for 
a single point contact. Four 1-inch metal spacers were used to attach a 
24-inch-square aluminum plate to the smaller 12-inch plate. . Near the four 
corners of the large plate and 3 inches from each side, four 4-inch-long 
rods were placed. Near the top of the rods and 3/4 inch apart, three plates 
were mounted for basket and starter fuel tray supports. The four trays 
were 17 inches long, I/ 2 inch wide, and l/4 inch deep. They were placed 
just beneath each edge of the basket and used for holding alcohol.
Because of the heat radiating downward from the basket, the load 
cell was insulated by placing a piece of l/8-inch-thick asbestos and 
a sheet of aluminum foil between the basket bottom and the 24-inch- 
square plate. To prevent conductive heat from reaching the load cell, 
a teflon washer was placed on the screw that attached the 12-inch- 
square plate to the top of the load cell.
Radiation. Radiation was measured by a Gier and Dunkle directional 
radiometer. This radiometer is a sensitive nonselective thermopile 
element mounted in a chromium-plated metal case. The thermopile element 
consists of several constantan silver-plated thermocouples arranged in 
series. One set of junctions, the hot junctions, is placed so that it 
receives radiation through the case opening. The other set of junctions.
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the cold junctions, is placed and shielded so that it remains at the 
case temperature. Temperature differences between the hot and cold 
junctions generate an electromotive force which is proportional to the 
gain or loss of radiant energy by the exposed junctions.
The Gier and Dunkle radiometer indicates the net heat transfer
by radiation between the receiver element and the surrounding 
environment. The net heat transfer is equal to K(millivolts)
5/
B.t.u./hr. ft.®."' To use this equation, the radiometer case was 
allowed to come to ambient air temperature before use.
For use, the radiometer was connected to a stripchart recorder
through a 50 K ohm variable resistor. By use of a millivolt potentio­
meter, the resistor was set to deliver either 6 or 8 millivolts full 
scale on the recorder. No cold junction or connection for a cold 
junction was needed for the thermopile-potentiometer circuit.
Using a radiometer with a K = 5.45 /B. t.u./ft.®/hr.\ and either
\ mv. /
6 or 8 millivolts full scale, the following values for conversion
constants were calculated:
Conversion constant = K B.t.u./ft.®hr.*mv. x 1 hr.
60 min.
(min./in. chart speed x mv. full scale \width of chart (in.)j (3)
5/
Anderson, H, E . , and R. C. Rothermel, Mechanism of fire 
spread. Final report to the National Science Foundation under Grant No, 
NSF-G-16303. 1961. Unpublished report on file at the Northern Forest
Fire Laboratory, Missoula, Montana.
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Example: 6 mv. full scale, chart speed 5 in./min. or ,2 min./in.
5.45 B.t.u./ft.®hr.-mv, x 1 hr. x (.2 min./in. x 6 mv. /5 in.)
60 min.
= 5.45 B.t.u. ^ ,24 X in.®
60 X ft.®
= .0908 B.t.u./ft.® X .24 in.® = .0218 B.t.u./ft.®/in.® (4)
Conversion Constants 
Full scale Chart speed 5 in./min. Chart speed 1 in./min.
6 mv. .0218 B.t.u./ft.*/in.® .1090 B.t.u./ft."/in.*
8 mv. .0291 B.t.u./ft.®/in." .1453 B.t.u./ft."/in."
B.t.u./ft. are obtained by multiplying the area under the chart curve 
by the appropriate constant. In this study, the area under the radiometer 
curves was multiplied by either .0218 or .0291 B.t.u,/ft.®/in.® depending 
on whether the recorder range was set at 6 or 8 millivolts, respectively. 
The radiometer was placed 20 feet from the baskets and at a 
horizontal level 8 inches above the bottom of the basket. Because of 
the construction of the radiometer, it was tilted 2.5® upward from 
horizontal. This allowed more of the flame to be observed by the in­
strument (figs. 2 and 3).
The front of the radiometer has a round opening with a radius of 
1.312 inches, and the distance from the opening to the sensor is 
6.125 inches. The radiation seen is determined by these dimensions and 
varies with the radiation source and its skewness relative to the 
thermopile. The enclosed angle for optimum indication (95 percent of 
the radiation being seen) was found by Anderson and Rothermel—/ to
1/ Ibid.
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be approximately:
Angle from the horizontal axis of the radiometer
- 5.CP to + 5.CP Total lOP
Angle from the vertical axis of the radiometer
- 6.5® to + 6.f Total 13°
The total height of flame seen by the radiometer was 6.1 feet 
above the bottom of the fuel basket. The optimum horizontal angle of 
ICP allowed the entire width of the flames to be seen.
V.' BURNING TESTS
Once the treated fuel was conditioned properly, its final weight 
was recorded and the basket was taken into the combustion chamber and 
placed on the weighing system (figs. 2 and 3), The combustion chamber 
is a 40-foot-square by 60-foot-high room where air temperature and 
relative humidity can be controlled over a wide range. The preset 
conditions for this study were 9CP F. air temperature and 20 percent 
relative humidity, the same as the standard conditions for retardant 
test fires at the Northern Forest Fire Laboratory.
When all final calibration adjustments had been made for the 
weight loss and radiation recorders, 10 milliliters of ethanol alcohol 
were poured into each of the four starter trays. With the basket in 
place above the trays (fig. 2), the alcohol was ignited with a match 
and the starting point marked on the weight loss and radiation strip- 
charts.
50
The operator recorded the date, basket number, chemical, and 
percent solution on both stripcharts. He then observed the fire for 
visual information such as (l) time when flaming stopped, (2) maximum 
flame height, (3) smoke color, (4) flame color, (5) depth and 
character of the residue, and (6) any unusual activity.
When the weight loss curve on the chart leveled off, the recorders 
were stopped and the basket was removed. Another basket was then taken 
from the oven, weighed, and prepared for the next burn.
CHAPTER III 
PRESENTATION OF DATA 
I. DATA REDUCTION
Information taken from the data sheets and corresponding data
from the recorder charts is presented in tabular and graphical form
in the Appendices as original and calculated values. The original
values were first converted by an equation to straight lines of
regression for each chemical for each of the three parameters. In
most cases, a straight line was a very poor fit for the data. Therefore,
7/a least-squares method of polynomial curve fitting was used."^
A second degree polynomial equation gave regression data which 
closely approximates the original values and forms curves whose shapes 
present logical correlations of varying chemical treatment levels and 
resultant reactions. The equations for each curve are given in Appendix 
E and the corresponding curves are in Appendices A, B, and C, Appendix 
D lists the calculated values for the three parameters at selected 
treatment levels.
Appendix F lists the converted values for treatment level, rate 
of weight loss, amount of radiation, and percent residue with a Superiority 
Factor for each corresponding data point. The Superiority Factor shows
7/— ' All regression equations were determined by using IBM program 
SCRAP. IBM, 1620 General Program Library, file number 6.0.003.
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the percent reduction in parameter data caused by various chemical 
treatments compared to corresponding parameter data from fires with 
untreated fuel. (Data with an * are extrapolated from the curves,)
The individual factors indicate the effect each data point has on the 
total Superiority Factor for a single fire with a given treatment.
The total Superiority Factor can be used for comparing the total effects 
of chemical on each fire. These factors show the variation within 
similar treatment levels and give comparisons of results between 
different levels of the same chemical and equivalent levels for other 
chemicals.
Included in Appendix F is the converted data for the untreated 
fuel fires. Nineteen fires were burned but only 16 were used because 
of errors in the data caused by equipment malfunctions. The values 
for rate of weight loss and amount of radiation are listed as :
Rate of weight loss Amount of radiation Percent residue 
X = 325 g ,/min,/ft.® x = .295 B.t.u./ft.® x  = 0
Sjj 5= 31.0 = .006
Treatment level. The treatment levels were first determined as 
total grams of chemical per fuel basket. The total amount of solution 
sprayed onto the fuel was determined by weighing the baskets immediately 
after they were treated and subtracting the untreated weight. The 
concentration of each solution was known; therefore, the approximate 
amount of dry chemical applied could be determined.
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After the treated fuel had been conditioned, the actual amount of 
dry chemical was determined by subtracting the calculated untreated 
weight of the conditioned fuel from the final actual weight of the 
treated conditioned fuel. The total dry chemical weight was then 
divided by 2.25 square feet, the surface area of the top of the fuel mat, 
to convert the treatment to grams of chemical per square foot of surface 
area.
Amount of radiation. The radiation levels were recorded on a 
Bausch and Lomb V.O.M. 7 stripchart recorder. An 8-millivolt full scale 
calibration was used for recording data from untreated fuel fires and 
the 6-millivolt full scale for fires with treated fueli. These full 
scale calibrations were used in order to have near full scale deflections 
of the recorder pens each time, but still with a minimum of recorder 
calibrations.
A compensating polar pianimeter was used to determine the area 
in square inches under the radiation curve. The planimeter was started
at the point where the recorder trace first departed the bottom line
on the chart scale and followed the trace clockwise. On the right side
of the chart the planimeter was dropped straight to the bottom of the
scale along a line drawn from the point where the trace reached 3/20 
of an inch from the bottom. Previous examinations showed that all 
traces are significantly the same from this point to where they contacted 
the bottom of the scale. The planimeter then followed the bottom line 
of the scale back to the starting point. These measurements were made
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at least twice for each fire or until two readings were within ,03
square inch of each other. The area under the curve in square inches
was then converted to B.t,u, per square foot by use of equation (3),
Percent residue. The amount of material remaining after all
combustion had ended was determined from the weight loss charts. The
residue as a percent of the weight of untreated conditioned fuel was
determined by the following method:
total weight (highest reading on the chart)
-30 grams (weight of 40 milliliters of alcohol)
-least value (lowest value on the trace)
Remainder A
Weight of conditioned treated fuel 
-Remainder A
Remainder B (weight of total residue)
Remainder B _ percent residue
340 grams (weight of conditioned untreated fuel as a decimal
figure
II, SUPERIORITY FACTOR
The Superiority Factor was determined by a mathematical method 
used at the Northern Forest Fire Laboratory for comparing the effectiveness 
of fire retardant chemicals. By this method, data gathered from fires 
with untreated fuels is numerically compared to data from fires with 
fuel treated with various levels of different chemicals. Each different 
parameter is weighted by a value predetermined as how much the parameter 
is expected to affect the total Superiority Factor,
The parameters used for determining the Superiority Factor in this 
study are (l) the amount of radiation, (2) the average maximum rate of
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sight loss, and (3) the percent residue after all combustion has stopped, 
le amount of radiation and the rate of weight loss are a measure of the 
Lre intensity and the percent residue is a measure of fuel consumption.
In this study, data from each parameter were weighted equally 
jr giving each a value of l/3. A chemical that stopped all combustion 
ompletely was given a value of 1.00. This is the total of the weighting 
alues for all three parameters. A material that was totally ineffective 
as given a value of 0.00. If a chemical increased the combustion rate 
nd one or more parameters had calculated values above the weighting 
alue, then the Superiority Factor could be less than 0.00.
The Superiority Factor (S.F.) is determined by:
lis equation converts to:
S.F. = 1 - 1^.00103 + 1.12 R + (.333 - .667 Res)J (6)
lere:
. 333/R^ \is weight loss factor.
.333 gives/R^ \ a numerical weight or l/3 of the total equation. 
'325'
R^ is the average maximum rate of weight loss of the treated 
Tiïei during the combustion process. It is measured in grams 
per minute per square foot (g./min,/ft.®).
325 is the average maximum rate of weight loss of untreated 
fuel during the combustion process. This constant is used to 
convert the variable Rv to a percent of the untreated fuel 
value.
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.333/-JE:__\ is the radiation factor.
.333 is the weighting constant.
R is the amount of radiation in B.t.u. per square foot emitted 
during the combustion of treated fuel,
.295 is the amount of radiation emitted during the combustion 
of untreated fuel; it is used to convert the variable R to a 
percent of the untreated fuel value.
.333 - is the residue factor,
.333 is the weighting constant.
Res is the residue remaining after a fire with treated fuel; 
it is experssed in decimal form as a percent of the untreated 
conditioned fuel weight,
1.52 is a constant which allows the residue factor to vary from 
0,00 to 0.333. The weight loss and radiation factors can be 
greater than 0.333, but the residue factor can never be less than 
untreated which is 0.00. The 1.52 constant is determined by .500,
.333
= 1.52 where .333 is the weighting constant and .500 is an 
arbitrary value used because 50 percent or more of the weight 
of the fuel was always lost.
CHAPTER IV
RESULTS
Table 8 lists the chemicals used in this study in order of their 
effectiveness for retarding combustion as measured by three parameters: 
rate of ■weight loss, the amount of radiation, and the percent residue.
The weight loss curves are in Appendix A and show the rate of weight 
loss during combustion as a function of treatment level; the radiation 
curves are in Appendix B and show the amount of radiation as a function 
of treatment level; and the residue curves are in Appendix C and show 
the percent residue as a function of treatment Ipvel.
The overall ranking of chemicals shows that in all three 
parameters diammonium phosphate, monoammonium phosphate, phosphoric acid, 
and potassium carbonate consistently rank higher than any of the other 
chemicals. Ammonium pentaborate, sodium tetraborate, and boric acid are 
the next group that consistently ranks high to moderate for effective­
ness. Ammonium sulfate was moderately effective for decreasing weight 
loss and radiation and was next to the least effective for increasing 
the residue.
Magnesium sulfate showed little retarding effect on any parameter. 
Of the four chlorides used, only magnesium chloride showed a moderate 
effectiveness for retarding combustion within the radiation parameter.
The other three chlorides consistently ranked as slightly or as the
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Table 8,— Chemicals ranked in order of effectiveness by comparing 
the computed curves in Appendices A, B, and C
Ranking order by 
rate of weight loss 
curve
Significant 
difference 
in curves
Ranking order by 
radiation curves
Significant 
difference 
in curves
Ranking order by 
residue curves
Significant 
difference 
in curves
Percent Percent Percent
Monoammonium phosphate Phosphoric acid Diammonium phosphate
60 94 99.95
Diammonium phosphate Diammonium phosphate Monoammonium phosphate
99,8 97 99.95
Sodium tetraborate Monoammonium phosphate Ammonium pentaborate
95 91 99.95
Phosphoric acid Potassium carbonate Phosphoric acid
80 99.95 99.95
Potassium carbonate Ammonium pentaborate Potassium carbonate
90 99.7 99.95
Ammonium sulfate Magnesium chloride Sodium tetraborate
98 78 99.5
Ammonium pentaborate Boric acid Boric acid
70 80 80
Ammonium chloride Ammonium sulfate Sodium silicate
85 93 99.9
Boric acid Sodium tetraborate Calcium chloride
75 95 91
Magnesium chloride Potassium chloride Potassium chloride
99.7 99.9 99.95
Calcium chloride Calcium chloride Magnesium sulfate
45 99.9 99.95
Magnesium sulfate Magnesium sulfate Magnesium chloride
50 99 99.95
Sodium silicate Ammonium chloride Ammonium sulfate
98 76 99.95 CJ1
Potassium chloride Sodium silicate Ammonium chloride CO
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least effective. Sodium silicate showed only moderate effectiveness 
for increasing residue and had almost no effect on rate of weight loss 
and radiation.
Chemicals were arranged in order of effectiveness by two methods:
1. By comparing all the curve values within each parameter at 
the 15-gram per square foot treatment level,
2, By superimposing the curves on each other to compare their 
slopes and levels.
The chemicals were then paired and an analysis of variance was performed 
to determine if their were significant differences between the regressions 
of different chemical and fuel flammability relationships. F ratios were 
determined as the ratio of pooled sum of squares and common slope sum of 
squares from the pairs of chemicals. Table 8 shows the levels of 
significant difference between the pairs. The following tabulation 
is an example of the method used for determining the F ratios:
N
Degrees of 
freedom
Residual 
sum squares
Mean
square
Monoammonium phosphate 31 28 20,941
Diammonium phosphate 31 32,378
Pooled 62 56 53,319 952
Difference 3 11,437 3,812
Common slope 59 41,882
Calculated F ratio = 3,,812 = 3.56
952
Tabulated F ratio = 2 . 7 8
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In many cases, the curves for the more effective chemicals show 
that the lower treatment levels are proportionately more effective than 
the higher levels. If all treatment levels were proportionately the same 
in effectiveness, the curves would be straight lines. When the weight 
loss and radiation figures curve downward rather than upward, the higher 
treatment levels are proportionately more effective. The opposite is 
true for the residue curves. On the weight loss and radiation curves 
a proportionate decrease in effectiveness is apparent at the higher 
treatment levels for diammonium phosphate, monoammonium phosphate, 
phosphoric acid, potassium carbonate, and ammonium sulfate. These 
chemicals also showed an actual decrease in total effectiveness at the 
higher levels. This same reaction was noted in studies conducted by 
Tyner (1941) and Brenden (1965). In these cases, the addition of 
chemical above a certain level caused a reverse reaction to what would 
be expected in effectiveness, (it is beyond the scope of this study 
to explain this reaction.)
I. SUPERIORITY FACTOR
Table 9 lists the chemicals used in this study in order of their 
overall effectiveness for retarding combustion as determined by the 
Superiority Factor method. Equation (6) and data in Appendix G were 
used for calculating the values presented in table 10 and plotted in 
figure 4. The order was obtained by examining the data at the 15 
grams per square foot treatment level and by superimposing to compare the
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Table 9.— Effectiveness rating of chemicals determined 
by examination of the Superiority Factor 
data in figure 4
Group
Relative
performance Chemical
Chemical 
designator in 
figure 4
I Most effective Diammonium phosphate 1
Monoammonium phosphate 2
Phosphoric acid 3
Potassium carbonate 4
II Moderately effective Ammonium pentaborate 5
Sodium tetraborate 6
Boric acid 7
Ammonium sulfate 8
III Slightly effective Magnesium chloride 9
Ammonium chloride 10
Calcium chloride 11
IV Least effective Magnesium sulfate 12
Sodium silicate 13
Potassium chloride 14
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Table 10. --"Superiority Factor data for eaoh chemical at selected 
treatment levels used for plotting curves 
in figure 4
Chemical
Chemical treatment levels (a./ft.2)
5 10 15 20 25 30
Superiority Factors
Diammonium phosphate .18 .31 .39 .43 .41
Monoammonium phosphate .17 .29 .37 .39 .36
Phosphoric acid .16 .29 .37 .42 .43 .41
Potassium carbonate .13 .25 .35 .45 .54
Ammonium pentaborate .13 X.22 . 30 .36 .40 .42
Sodium tetraborate .11 .20 .25 .30
Boric acid .11 .18 .24 .26
Ammonium sulfate .12 .18 .21 .21 .18
Magnesium chloride .07 .13 .18 .22 .25 .27
Ammonium chloride .06 .11 .14 .14
Calcium chloride .05 .09 .14 .18 .22 .26
Magnesium sulfate .03 .06 .09 .12 .15
Sodium silicate .03 ,05 .07 .10
Potassium chloride .00 .02 .04 .06 .09 .13
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&3CO
Chemical treofmenf level (grams /sq. ft.)
Figure 4.-r-The Superiority Factors of chemicals as a function of chemical 
treatment levels.
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relative position of the curves and groups of curves. Figure 4 shows 
the Superiority Factors of chemicals as a function of treatment level.
By examining the data in figure 4 and the tables in Appendix G, 
it can be seen that there are no obvious breaks from one group to another 
but rather a gradual variation in effectiveness from the most to the 
least effective chemical. However, for the sake of convenience and for 
comparison to other studies, groups have been delineated by two means.
One method was to group the chemicals by their total effectiveness 
toward suppressing combustion as determined by the curve levels through 
the 15-gram treatment level. The other method was to group them according 
to their Superiority Factors at the 15-gram treatment level. The 
relative groupings are as follows:
Group I chemicals are the most effective and have Superiority 
Factors of .30 and above.
Group II chemicals are moderately effective and have Superiority 
Factors between .20 and .30.
Group III chemicals are slightly effective but not significantly 
so at the treatment levels used in the study and are between .10 and .20.
Group IV chemicals are the least effective and for one or more 
of the parameters measured may actually cause an increase in combustion. 
Their Superiority Factors lie between 0.00 and .10, All chemicals 
except those in Group IV show proportionate decreases in effectiveness 
with each additional amount of treatment.
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II. COMPARISON OF METHODS AND RESULTS
Many different systems have been used for retardant evaluation, 
and many times the same basic parameters have been examined but by using 
equipment with different accuracies and sensitivities. Such is the case 
with this study. Rate of weight loss, amount of radiation, and percent 
residue have been measured before but with less sensitive equipment, 
with a different type of fuel, and with different "treatment methods.
The following discussion compares the effectiveness rankings of chemicals 
used in this study to the effectiveness rankings of the same chemicals 
when evaluated by other studies.
Hunt et al. (1930; 1931; 1932) and Truax (1939) conducted fire 
suppression evaluation tests on many chemicals including some of those 
used in this study. The order in which they rank their chemicals for 
effectiveness (see pages 10 and 11) compares closely to the ranking 
order in my study. In their very effective group for suppressing 
flaming combustion, only potassium carbonate is rated differently by 
Hunt. Group II chemicals have two in common for each study and both 
potassium chloride and sodium silicate are rated as ineffective in both 
studies.
In comparison with the Hunt rankings for effectiveness against 
glowing combustion (see page 11), ammonium pentaborate and boric acid 
are in the very effective group with diammonium phosphate, monoammonium 
phosphate, and phosphoric acid. Groups C and III have calcium chloride 
and magnesium chloride in common and the chemicals in the ineffective
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groups are the same plus two Group II chemicals, ammonium sulfate and 
sodium tetraborate. Summarily, the most effective and least effective 
chemicals for both studies are about the same and the chemicals in the 
moderate and slightly effective groups are the same but are not in 
any corresponding order.
The results of tests conducted by Truax (1939) and Tyner (1941) 
are shown in table 2. By comparing chemical effectiveness rankings 
from my stud% a close comparison can be made with their flame 
extinction results in the very effective and ineffective chemicals.
There is an even closer correlation with their total extinction results. 
The only chemical in their ratings that is not in the same effectiveness 
order 6s in my study is boric acid which has been placed above potassium 
carbonate. In all aspects, the chemical effectiveness rankings from 
my study correlate closer with the Truax and Tyner rankings than with 
any other that were reviewed.
The Operation Firestop (1955) ignition study (table 3) ranks its 
chemicals in an order for effectiveness very close to the order in my 
study. Only phosphoric acid shows a higher effectiveness by reducing 
the ignition time the most. The intensity and peak ratio rankings 
(table 4) do not show any correlation with the rankings for this study 
except that monoammonium phosphate, of the chemicals in common that 
were testing, ranks as the most effective.
Although some previous tests show relative chemical effectiveness 
that is comparable to the results of my study, they did not adequately
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measure the effectiveness of retardant chemicals for the properties 
which are now considered as most important. They were conducted with 
fuel treatment methods and fuels which did not allow accurate testing 
of a chemical'8 ability to inhibit fire.
The fuel treatment methods in some tests were either by pressure 
impregnation, direct application for extinguishment, or pretreatment 
with materials that were tested while still wet. Currently, most 
retardants used on wildfires are applied to the fuel surfaces as 
slurries, either directly onto the flames or far enough ahead of them 
that the slurries are dry when the fire arrives. Therefore, a testing 
method should evaluate only the dry chemical, not the chemical-water 
combination after it has been applied to the fuel surface.
Anderson,-^ in a discussion of the flammability of forest 
fuels, suggests what an ideal fuel should be. He states that it should 
be such that it can be used to measure ignitibility, sustainability, 
and combustibility in relation to different fuel characteristics such 
as fuel size, configuration, chemical content, etc. He states that 
ignitibility defines the ease with which a fuel will ignite and that 
the most ignitible fuel will ignite at the lowest temperature with the 
least energy input in the shortest time. The sustainability of a fuel 
is a measure of each fuel element’s ability to continue to burn after 
ignition. The combustibility of a fuel is a measure of the rapidity
A/ Anderson, Hal E. Unpublished report on file at the Northern 
Forest Fire Laboratory, USDA Forest Service, Missoula, Montana, 1966.
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of excess energy release after ignition that ■will cause the fire to move 
between fuel particles. Therefore, an ideal fuel would be one whose 
flammability features would be altered within one or more of these three 
criteria as the fuel is altered physically or chemically. An ideal 
fuel in an ideal test then would indicate the effect a chemical has on 
each of these criteria when measured by some means.
Some of the fuels used in previous test methods have been 
2-inch by 4-inch boards soaked in kerosene (Grove et al. 1962) for 
extinguishment tests, and l/4-inch and l/2-inch dowels and sticks 
placed in rows or in crib form (Dibble et al. 1961; Phillips and 
Miller 1959; Johansen 1967; Fons 1950). These fuels were too large or 
in poor configuration for accurately evaluating for chemical 
effectiveness. The l/4-inch dowel ignition tests only measured the 
change in ignition delay, or ignitibility, caused by the chemical and 
not the sustainability and the combustibility. The l/2-inch dowel 
combustion tests measured the effect of chemicals on sustainability 
but not for ignitibility or adequately for combustibility. Tests made 
with cribs constructed of l/2-inch and l/4-inch dowels or sticks were 
placed in better configurations for testing sustainability and 
combustibility but the fuel diameter was too large for a proper ratio 
of retardant chemical retained to wood volume. Finer fuels were needed 
for a sensitive test that would give more accurate results.
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9/The 8-foot combustion test"^ is about the closest to being an 
ideal test. It measures the effects of chemicals on sustainability 
and combustibility by measuring flame front rate of spread and the 
rate of weight loss. The ignitibility is not quantified separately, 
but is included in the effects on the other flammability criteria.
Some chemicals--diammonium phosphate, ammonium sulfate, and 
monoammonium phosphate— actually increase the ignitibility of the fuel, 
making it ignite at a lower temperature and in less time than untreated 
fuel. By definition, with untreated fuel this reaction would be 
expected to increase the rate of spread or energy release, but with 
treated fuel it obviously does not (Rothermel and Hardy 1965; ,
The chemicals increase the ignitibility, but decrease the sustain­
ability and combustibility because each fuel element is burning at a 
lower temperature and giving off less energy for it to sustain itself 
or for interactions with other fuel particles.
The basket combustion test used in this study uses a fuel treat­
ment method that pretreats the surface of the fuel and allows the 
treatment to dry so that only the chemical is tested for its retarding 
ability. The excelsior-fuel is small in cross section, uniform in size 
and shape, and it is easily varied in amount. The fuel configuration
^  George and Blakely, o£. cit. 
10/ Ibid.
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is of the mat type and, therefore, can be used to give a good measure 
of the effects of chemicals on the sustainability and combustibility of 
the fuel. One advantage excelsior has over fine natural fuels such 
as needles and twigs is that it can be purchased commercially and 
does not need to be gathered by hand. It is also consistent in 
chemical composition which does not vary seasonally.
CHAPTER V
SUMMARY AND CONCLUSIONS
A new system for evaluating the fire retarding ability of 
chemicals was examined for its ability to give reliable and easily 
interpretable information. Small baskets of aspen excelsior were 
sprayed with several different amounts of 14 selected chemicals.
After being conditioned in a forced-air oven, the treated fuel was 
burned in a controlled environment at 9CP F. air temperature, 20 per­
cent relative humidity, and in still air. The information recorded as 
the fuel burned was (l) weight loss, (2) the amount of radiation emitted, 
and (3) the amount of residue after all combustion had ended. A 
load cell in conjunction with a bonded strain gage transducer was used 
for measuring weight loss and a directional radiometer was used for 
measuring the amount of radiation emitted. The weight loss rates, in 
grams par square foot per minute, and residue, as a percent, were 
determined directly from the weight loss recorder traces. Radiation 
was determined by using a polar planimeter to measure the area under 
the recorder traces, and a formula was used to convert the area to 
B.t.u. per square foot.
The system was easily operated by one person except during the 
treatment application with the sprayer, when an additional person was 
required to turn the sprayer on and off to prevent excessive use of
71
72
solution. The time involved in preparation of fuel baskets and for 
burning allowed 15 baskets (all the fires for each separate chemical) 
to be burned during one 8-hour workday. A total of 229 treated and 
untreated test fires were conducted plus several preliminary fires.
The chemicals used for fuel treatment were selected because of 
the abilities they have shown for suppressing combustion in previous 
tests. Chemicals with poor as well as those with good retarding 
abilities were chosen so that the system would be evaluated for its 
sensitivity to a full range of chemical effectiveness. The chemicals 
tested were: ammonium chloride, ammonium phosphate (dibasic), ammonium
phosphate (monobasic), ammonium pentaborate, ammonium sulfate, boric 
acid, calcium chloride, magnesium chloride, magnesium sulfate, 
phosphoric acid, potassium carbonate, potassium chloride, sodium 
tetraborate, and sodium silicate.
Two methods were used for determining the effectiveness of the 
chemicals. The first method was to plot the values for each parameter 
over chemical treatment level by use of a least-squares method of curve 
fitting. The chemicals were paired according to their relative slopes 
and levels and by their values at the 15-gram treatment level. An 
analysis of variance was then performed to determine if there were 
significant differences between the regressions of different chemical 
and fuel flammability relationships. These data show the relative 
effectiveness of each chemical on the rate of weight loss, the amount 
of radiation, and the amount of residue.
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A Superiority Factor equation was the other method for rating the 
chemicals. Values taken from the fitted curves at several selected 
treatment levels were put into the equation, the Superiority Factors 
between 0.00 and 1.00 were obtained for each treatment level. These 
calculated factors were then plotted over chemical treatment levels.
The chemicals were rated by their relative curve positions and by their 
Superiority Factor values at the 15-gram treatment level. These 
comparisons indicated each chemical's overall effectiveness for suppressing 
combustion.
The overall effectiveness rankings were compared to the rankings 
received by the same chemicals when tested by other researchers using 
different methods, fuels, and procedures. In most of the comparisons, 
the effectiveness rankings that chemicals showed in my study compared 
closely with the effectiveness rankings shown by the same chemicals in 
other studies.
An important question to be considered is whether or not this 
test can be used as a model for measuring the effect of chemicals on the 
flammability of fuels in actual wildfires. This test is not performed in 
a wind environment which is considered as typical of many wildfire situations, 
The most ideal test should be under controlled wind conditions, but 
that would require a lot of equipment and be very expensive and impractical 
for most submitters of retardants. The next best would be a simpler and 
cheaper test made in still air. Consequently, easily measured and inter­
preted parameters and the type fuel used, its configuration, size density,
etc. , then become the most important factors to be considered for the 
model test.
7 4
The results of this study indicate that the excelsior basket 
cpmbustion test considers all of these factors. The test is comparatively 
simple to perform, uses parameters that are easily measured, and data 
that are easily interpreted. The variation information (R®) in 
Appendix E indicates that the data are reproducible, especially for the 
higher ranked chemicals. The Superiority Factor data and the results of 
the analysis of variance indicate that data from this testing method 
■will show significant differences in chemical effects to the extent 
that chemicals can be reliably ranked or graded for their ability to 
retard combustion. Therefore, this test can be used for obtaining 
information that is more reliable and easily interpreted than infor­
mation from most previous testing methods performed in still air.
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APPENDIX A
Curves showing average maximum rate of weight 
loss on test fires as a function of the chemical 
treatment level.
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APPENDIX B
Curves showing amount of radiation from 
test fires as a function of the chemical 
treatment level.
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APPENDIX G
Curves showing percent residue from test 
fires as a function of the chemical 
treatment level.
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APPENDIX D
Tables of values oaloulated by polynomial 
equations for each ohemioal for each 
parameter.
Ammonium chloride
101
Chemical
treatment
Rate of Amount of 
radiation
Percent
residue
Fire level Rw R Res
G./ft.* G./min./ft.® B.t.u./ft.®
B 3,6 281 .296 0.27
7 3.6 281 .296 0.27
G 3. 6 281 .296 0.27
P 7.6 247 .296 0.66
9 8.0 239 .296 0.70
U 7.6 242 .296 0.66
4 11.5 215 .298 1.14
A 10.7 219 .297 1.03
8 10.2 223 .297 0.97
3 16.0 198 .301 1.83
12 17.3 196 .302 2.05
H 15.5 199 .300 1.75
C 16.4 197 .301 1.90
D 16.4 197 .301 1.90
E 17.3 196 .302 2.05
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Diammonium phosphate
Fire
Chemical
treatment
level
Rate of 
weight loss 
Rw
Amount of 
radiation 
R
Percent
residue
Res
G./ft.3 G./min./ft.“ B.t.U./ft.3
1 4.4 256 .250 6.29
F 4.4 258 .250 6.29
M 4.4 258 .250 6.29
G 9.3 205 .213 11.52
D 9.6 200 .210 11.96
C 9.3 205 .213 11.52
A 16.9 159 .181 16.29
E 15.1 166 .186 15.53
H 16.0 162 .183 15.94
K 20.0 153 ,177 17.07
11 21.7 154 .177 17.20
5 22.7 155 .178 17.19
8 24.4 159 .180 17.00
6 24.4 159 .180 17.00
4 25.3 162 .182 16.82
Monoammonium phosphate
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Fire
Chemical 
treatment 
level
Rate of 
weight loss 
Rw
Amount of 
radiation
Percent 
residue 
Res
G./ft.® G./min./ft,® B.t.u./ft.®
B 4.0 255 .265 5.11
6 4.4 249 .262 5.56
E 4.9 241 .259 6.12
7 9.3 192 .231 10.24
D 9.3 192 .231 10.24
F 9.3 192 .231 10.24
M 12.4 171 .214 12.34
8 14.2 165 .205 13.25
10 16.9 163 .193 14.19
3 19.5 169 .182 14.62
12 16.9 163 .193 14.19
H 20.4 173 .179 14,66
A 24.0 200 .167 14.25
C 22.0 183 .173 14.59
4 20.4 173 .179 14.66
Ammonium pentaborate
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Fire
Chemical
treatment
level
Rate of 
weight loss 
Rw _
Amount of 
radiation 
R
Percent
residue
Res
G./ft.3 G./min./ft.^ B. t.u./ft.^
3 6.2 256 . 263 6.24
4 7.1 248 .259 7.08
K 5,8 260 .265 5.86
A 11.1 2.15 .244 10,64
N 9.8 225 .249 9.51
F 10.2 222 .247 9.86
6 16.9 179 .229 15.33
5 16.4 181 .230 14.95
10 17.8 174 .227 16.01
D 23.5 156 .221 20.01
G 23.1 156 .221 19.74
12 23.5 156 .221 20.01
H 31.5 153 ,224 24.72
B 30.6 152 .223 24.24
E 28.9 151 .221 23.30
Ammonium sulfate
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Fire
Chemical
treatment
level
Rate of 
weight loss 
Etw
Amount of 
radiation 
R
Percent
residue
Res
G./ft.^ G./min./ft.® B. t.u./ft.®
E 5.3 250 .277 1.98
K 4.9 255 .279 1.86
6 5.3 250 .277 1.98
8 9.8 208 .267 2.99
9 10.S 205 .266 3.05
11 9.8 208 .267 2.99
5 15.6 182 .257 3.43
4 14.8 184 .258 3.43
1 15.1 183 .258 3.43
G 20,9 188 .254 3.00
M 20.0 185 .254 3.13
F 19.1 183 .255 3.23
H ; 24.4 206 .254 2.27
C 23.6 201 .254 2.47
D 26.2 220 .255 1.76
Boric acid
10 6
Fire
Chemical
treatment
level
Rate of 
weight loss 
Rw
Amount of 
radiation 
R
Percent
residue
Res
G./ft.« G./min./ft.® B. t.u./ft.®
B 1.8 304 .288 1.82
H 1.3 310 .289 1.38
12 1.3 310 .289 1.38
E 5.8 264 .275 5.05
6 5.8 264 .275 5.05
5 6.2 261 .274 5.35
9 4.4 277 .279 3.97
1 4.0 281 .281 3.65
4 4.4 277 .279 3.97
10 9.8 235 .265 7.84
A 6.7 257 .273 5.72
D 11.5 226 .261 8.89
6 13.8 216 .257 10.18
F 10.7 230 .263 8.41
N 20.9 207 .247 13.23
Calcium chloride
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Fire
Chemical
treatment
level
Rate of 
weight loss 
Rw
Amount of 
radiation 
R
Percent
residue
Res
G./ft.* G./min./ft.* B.t.u./ft.*
A 6.2 291 .291 2.43
H 6.7 289 .291 2.65
C 6.7 289 .291 2.65
F 14.2 257 .283 6.52
G 14.2 257 .283 6.52
4 13.8 259 .283 6.29
D 21.8 236 .273 11.47
M 20.4 239 .275 10.48
5 20.0 240 .275 10.20
E 27.1 228 .264 15.53
8 25.3 230 .267 14.09
6 27.1 228 .264 15.53
9 31.6 226 .256 19.37
K 32.9 226 .254 20.55
7 32.4 226 .254 20.09
Magnesium chloride
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Fire
Chemical
treatment
level
Rate of 
weight loss 
Rw
Amount of 
radiation 
R
Percent
residue
Res
G./ft.3 G./min./ft.® B.t.u./ft.®
B 7.5 260 .272 1.17
3 7.1 263 .273 1.10
12 7.1 263 .273 1.10
G 14.2 217 .255 2.43
10 15.1 212 .253 2.61
M 13.8 219 .256 2.34
K 22.6 183 .241 4.28
7 22.1 184 .242 4.16
8 22.1 184 .242 4.16
9 30.1 172 .236 6.19
F 29.3 172 .236 5.98
6 30.1 172 .236 6.19
E 35.5 175 .236 7.72
5 36.0 175 .236 7.87
D 36.2 176 .236 7.93
Magnesium sulfate
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Fire
Chemical
treatment
level
Rate of 
weight loss 
Rw
Amount of 
radiation 
R
Percent
residue
Res
G./ft.^ G./min./ft,® B, t.u./ft.®
6 4.0 314 .290 1.00
3 4.4 313 .290 1.12
9 4.9 312 .289 1.26
N 8.9 299 .286 2.51
4 9.3 298 .286 2.64
10 8.9 299 .286 2.51
12 12.9 286 .285 3.87
D 13.3 284 .285 4.01
5 16.0 275 .284 4.99
F 19.1 264 .285 6,18
H 18.2 267 .284 5,82
E 16.7 273 .284 5,25
A 24.4 245 .287 8,35
G 21.8 254 .286 7,26
B 23.1 250 .287 7.80
Phosphor!0 acid
1 1 0
Pire
Chemical
treatment
level
Rate of 
■weight loss
Amount of 
radiation 
R
Percent
residue
Res
G./ft.3 G./min./ft.® B. t.u./ft.®
10 5.8 247 .240 6.55
12 5.8 247 .240 6,55
E 5.8 247 .240 6.55
N 11.5 195 .202 11.38
6 12.9 186 .195 12.35
5 12.4 189 .197 12.01
3 19.5 163 .171 15.78
4 18.6 164 .173 15.43
9 19.5 163 .171 15.78
D 25.8 170 .164 17.31
G 26.2 171 .165 17.35
A 26.2 171 .165 17.35
F 31.5 201 .173 17.20
H 29.7 189 .169 17.39
B 29.7 189 .169 17.39
Potassium chloride
1 1 1
Fire
Chemical
treatment
level
Rate of 
weight loss 
Rw
Amount of 
radiation 
R
Percent
residue
Res
G./ft.3 G,/min./ft.^ B. t.u./ft.®
8 3.6 338 ,290 0.95
G 4.4 339 .289 1.21
B 3.6 338 .290 0.95
4 8.0 345 .285 2.57
H 8.9 346 .284 2.95
F 8.9 346 .284 2.95
M 13,8 348 ,281 5.35
9 16,9 348 .279 7.13
D 17.3 348 .279 7.37
5 24,9 339 ,278 12.67
12 25.8 337 .278 13,37
K 26,6 335 ,278 14,03
N 31,1 324 .279 17,91
E 31,1 324 ,279 17.91
C 31.1 324 ,279 17.91
1 1 2
Potassium carbonate
Fire
Chemical
treatment
level
Rate of 
weight loss
Amount of 
radiation 
R
Percent
residue
Res
G./ft.3 G./min./ft.^ B.t.u./ft.^
G 4.4 269 .264 3.06
3 4.4 269 .264 3.06
A 4.4 269 .264 3.06
E 10.2 213 .230 8.85
9 12.0 199 .220 11.04
N 10.2 213 .230 8.85
H 18.7 165 .188 20.80
4 17.8 168 .192 19.34
8 15.1 180 .204 15.24
M 21.8 158 .175 26.17
F 24.4 157 .166 31.10
D 23.1 157 .170 28.59
K 28.0 161 .154 38.57
5 26.2 158 .160 34.74
12 25.8 158 .161 33.92
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Sodium tetraborate
Fire
Chemical
treatment
level
Rate of 
weight loss 
Rw
Amount of 
radiation 
R
Percent
residue
Res
G./ft.2 G./min./ft.^ B. t.u./ft.®
G 5.3 249 .284 3.79
H 5.3 249 .284 3.79
B 4.4 260 .286 3.17
D 6.S 238 .283 4.39
3 6.7 233 .282 4.72
8 6.7 233 .282 4.72
C 10.2 199 .275 6.91
4 11.1 192 .274 7.44
N 11.5 189 .276 7.67
F 13.8 174 .269 8.94
6 16.0 163 .266 10.07
Â 14.2 172 .269 9.15
10 17.3 159 .264 10.70
1 19.1 155 .262 11.52
9 17.8 158 .264 10.93
114
Sodium silicate
Fire
Chemical
treatment
level
Rate of 
weight loss
Rw
Amount of 
radiation 
R
Percent
residue
Res
G./ft."" G./min./ft.® B.t.u./ft.®
A 3.6 322 .302 3.02
4 2.7 323 .301 2.37
D 3.6 322 .302 3.02
C 8.0 314 .308 5.88
F 9.3 311 .309 6.62
N 8.4 313 .308 6.12
10 13.8 301 .312 8.78
12 12.0 305 .311 7.99
H 12.9 303 .312 8.39
5 16.0 295 .313 9.61
6 18.2 289 .314 10.31
E 18.2 289 .314 10.31
9 21.3 280 .314 11.04
B 19.5 286 .314 10.65
1 19.5 286 .314 10.65
APPENDIX E
Tables of second degree polynomial equations 
used for determining curves for weight loss, 
radiation, and residue data.
Elquations which determine the best fitting curves for weight loss data
Chemical Polynomial equation (second degree) Variation F ratio DF
Diammonium phos^diate Y  = 322 - 16.3X + .395X2 1150 71.1 .835 28
Monoammonium phosphate Y  = 325 - 20. IX + .621X2 748 101 .878 28
Phosphoric acid Y  = 324 - 15.4X + .365X2 807 91.1 .867 28
Potassium carbonate Y  = 326 - 14. IX + .294X2 976 83.9 .857 28
Ammonium pentaborate Y  = 324 - 12.3X + .217X2 829 95.6 .872 28
Sodium tetraborate Y = 324 - 16.2X + .386X2 662 103 .880 28
Boric acid Y = 325 - 12.3X + .320X2 616 38.1 .731 28
Ammonium sulfate Y = 325 - 16.7X + .486X2 1020 57.2 .803 28
Magnesium chloride Y  = 326 - 9.94X + .160X2 928 73.5 .840 28
Ammonium chloride Y  = 327 - 14. OX + .373X2 835 55.4 .798 28
Calcium chloride Y = 327 - 6.27X + .0973X2 903 31.1 .690 28
Magnesium sulfate T  = 327 - 2.98X + .0153X2 741 15.5 .525 28
Sodium silicate Y = 326 - 1.19X - .0463X2 1230 2.97 .175 28
Potassium chloride Y = 330 + 2.59X _ .0891X2 970 .862 .058 28
CJl
Chemical Polynomial equation (second degree) Variation F ratio R2 DF
Diammonium phosphate Y  = .142 + 1.55X - ,0353X® .998 832 .983 28
Monoammonium phosphate Y  = .0652 + 1.14X - .0348X2 .753 817 .983 28
Phosphoric acid Y  = .191 + 1.22X - ,0216X2 4.05 207 .937 28
Potassium carbonate Y  = .0666 + .585X + .0284X2 2.72 926 .985 28
Ammonium pentaborate Y = .118 + 1.04X - .00816X2 .662 1780 .992 28
Sodium tetraborate Y  = .0536 + .770X - .00858X? .377 699 .980 28
Boric acid Y = .218 + .915X - .0140X2 -.701 283 .953 28
Ammonium sulfate Y  = .0494 + .440X - .0143X2 .681 44.7 .761 28
Magnesium chloride Y = .0146 + .141X + .00217X2 .782 151 .915 28
Ammonium chloride Y  - .0114 + .0595X + .00338X2 .416 20.3 .592 28
Calcium chloride Y  = .0376 + .330X + .00892X2 1.57 477 .971 28
Magnesium sulfate Y = -.120 + .266X + .00333X2 .551 214 .939 28
Sodium silicate Y = .254 + .822X - .0148X2 1.61 171 .924 28
Potassium chloride Y = .0698 + .244X + .0107X2 .284 2040 .993 28
Oi
Equations vhich determine the best fitting curves for radiation data
Chemical Polynomial equation (second degree) Variation F ratio R® DF
Dianmonium phosphate Y = .294 - .01121 + .000269X® .0000974 405 .967 28
Monoammonium phosphate Y = .294 - .00772X + .OOOIOIX^ .000165 211 .938 28
Phosphoric acid Y  = .293 - .01G3X + ..000207X® .000117 412 .967 28
Potassium carbonate Y = .294 - .00693X + .0000696X® .000106 405 .967 28
Ammonium pentaborate Y  = .295 - .00582X + .000113X® .0000651 233 .943 28
Sodium tetraborate Y  = .296 - .00228X + .0000273X® .0000601 37.2 .727 28
Boric acid Y  = .294 - .00359X + .0000641X® .0000646 42.9 .754 28
Ammonium sulfate Y  = .295 - -00368X + .00008301^ .0000669 69.8 .833 28
Ifeignesium chloride Y  = .297 - .00384X + .0000596X® .000174 62.7 .818 28
Ammonium chloride Y  = .296 - .000317X + .0000365X® .000151 .376 ,026 28
Calcium chloride Y  = .296 - .000604X - .0000206X® .0000339 92.0 .867 28
Magnesium sulfate Y  = .295 - .00137X + .0000434X^ .0000465 7.02 .334 28
Sodium silicate Y = .296 + .00172X - .0000408X® .0000656 13.3 .488 28
Potassium chloride Y = .295 —t00144X + .0000298X® .0000821 9.45 .403 28
APPENDIX F
Original values for treatment level, weight 
loss, radiation, residue, and the Superiority 
Factor for each corresponding data point and 
the total for each fire.
Rate of weight loss, radiation and residue data 
from untreated control burns
118
Fire
designation
Rate of 
weight loss 
G./min./ft.^
Amount of 
radiation 
B. t.u./ft.^
Residue
1
2
3
4
5 
7 
9
10
11
12
13
14
15
16 
18 
19
S =
X  =
Sd =
284
290
303
388
290
302
372
298
333
315
352
350
324 
352 
313
325
5191
325
31.0
7.76
E =
X =
Sd = 
Sm =
.292
.304
.294
.303
.290
.294
.286
.300
.296
.301
.289
.291
.299
.288
.292
.306
4.725
.295
.006
.002
Percent
0
0
0
0
0
V
0
0
0
0
0
0
0
0
0
0
Ammonium chloride
Fire
Chemical
treatment
level
Rate of 
weight 
loss
. 333' 325 /
Amount of 
radiation / R \
Percent
residue jRes Superiority
FactorRw R .333\.295/ Res .333-11.52
G./ft.2 G. /min. / B. t. u. / l-£ of factors
ft.2 ft. 3
B 3.6 317 .327 .312 .349 0.0 .333 .000
7 3.6 300 .309 .301 .336 0.88 .327 .028
G 3.6 305 .314 .302 .338 0.29 .331 .017
F 7.6 249 .257 .298 .333 0.00 .333 .077
9 8.0 244 .251 .317 .354 0.88 .333 .062
M 7.6 239 .246 .303 .339 0.59 .329 .086
4 11.5 213 .219 .290 .324 0.29 .331 .126
A 10.7 194 .200 .298 .333 2.06 .319 .148
8 10.2 180 .185 . 255 .285 1.47 .323 .207
3 16.0 155 .160 .289 .323 2.06 .319 .198
12 17.3 210 .216 .311 .347 4.41 .304 .133
H 15.5 244 .251 .301 .336 1.76 .321 .092
C 16.4 200 .206 .326 .364 0.59 .329 .101
D 16.4 197 .203 .288 .322 0.88 .327 .148
E 17.3 199 .205 .302 .338 1.47 .323 .134
CO
Diammonium phosphate
Fire
Chemical
treatment
level
Rate of 
•weight 
loss
.333\325/
Amount of 
radiation / R ]
Percent
residue 1 SuperiorityFactorsRw R . 333\. 295/ Res .333-11.52
&/ft.2 Q./min./ B. t. u. / 1-S of factors
ft.3 ft.3
1 4.4 269 .277 .241 .270 7.06 .286 .168
F 4.4 234 .241 .251 .281 6.76 .288 .191
M 4.4 264 .272 .228 . 255 7.65 .282 .191
G 9.3 212 .218 .223 .249 11.18 .258 .275
D 9.8 175 .180 .201 .224 14.71 .235 .361
C 9.3 124 .128 .212 .237 12.35 .251 .385
A 16.9 196 .202 .181 .203 13.24 .245 .351
E 15.1 176 .181 .204 .228 13.82 .241 .349
H 16.0 184 .190 .180 .202 15.00 .233 .377
K 20.0 178 .183 .168 .188 16.76 .221 .408
11 21.8 201 .207 .190 .212 17.65 .215 .366
5 22.7 161 .166 .192 .214 18.82 .207 .413
8 24.4 164 .169 .187 .209 17.67 .215 .408
6 24.4 88 .091 .157 .176 16.76 .221 .513
4 25.3 152 .157 .178 .199 16.76 .221 .423
8
Monoammonium phosphate
Fire
Chemical
treatment
level
Rate of 
weight 
loss ' /Rw \ 
.333V325/
Amount of 
radiation / R \
Percent
residue -Res Superiority
Factor. . Rw R .333\.295/ Res .333-11.52
G- /min. / B. t. u. / 1-E of factors
ft.2 ft.3
B 4.0 281 .289 .266 .298 2.35 .317 .096
6 4.4 256 .264 .253 .282 7.35 .284 .170
E 4.9 212 .218 .261 .292 5.59 .296 • .194
7 9.3 204 .210 .213 .238 10.00 .266 .286
D 9.3 220 .227 .206 .230 10.59 .262 .281
F 9.3 180 .185 .220 .246 9.41 .270 .299
M 12.4 153 .158 .215 .240 13.24 .245 .357
8 14.2 164 .169 .208 .233 12.94 .247 .351
10 16.9 133 .137 .218 .244 15.29 .231 .388
3 19.5 164 .169 .199 .223 15.59 .229 .379
12 16.9 158 .163 .211 .236 14.41 .237 .364
H 20.4 176 .181 .197 .220 15.00 .233 .366
A 24.0 193 .199 .147 .165 15.00 .233 .403
C 22.0 173 .178 .145 .162 12.35 .251 .409
4 20.4 222 .229 .185 .207 14.12 .239 .325
HCO
Ammonium pentaborate
Fire
Chemical
treatment
level
Rate of 
weight 
loss
.333X325'
Amount of 
radiation / R )
Percent
residue iRes Superiority
FactorA r R .333X.295 ' Res .333-11.52G./ft.^ G./min. / B. t. u. / 1-S of factors
ft. 2 ft.2
3 6.2 278 .286 .261 .292 6.76 .288 .134
4 7.1 206 .212 .253 .283 8.53 .276 .228
K 5.8 248 .255 .260 .291 6.76 .288 .166
A 11.1 209 .215 .249 .279 11.76 .255 .252
N 9.8 254 .262 .249 .279 8.82 .274 .180
F 10.2 252 .260 .249 .279 11.18 .258 .204
6 16.9 166 .171 .249 .279 14.71 .235 .316
5 16.4 139 .143 .204 .228 14.41 .237 .392
10 17.8 162 .167 .231 .258 13.82 .241 .334
D 23.5 161 .166 .218 .244 18.82 .207 .383
G 23.1 201 .207 .226 .253 20.29 .198 .343
12 23.5 165 .170 .225 .251 20.88 .196 .385
H 31.5 139 .143 .222 .248 26.18 .158 .452
B 30.6 159 .164 .220 .245 24.41 .170 .421
E 28.9 139 .143 .223 .249 22.06 .186 .422
is
Ammonium sulfate
Fire
Chemical
treatment
level
Rate of 
weight 
loss ( M.333V325/
Amount of 
radiation / R  \
Percent
residue jRes Superiority
FactorRw R .333'. .295/ Res .333-11.52
G. /min. / B. t.u./ 1-S of factor
ft.® ft.2
E 5.3 270 .278 .274 .307 2.35 .317 .098
K 4.9 261 .269 .272 .304 2.35 .317 .110
6 5.3 256 .264 .268 .300 3.53 .309 .127
8 9.8 184 .190 .266 .297 2.65 .315 .198
9 10.2 188 .194 .253 .282 3.53 .309 .215
11 9.8 233 .240 .270 .302 0.88 .327 .131
5 15.6 190 .196 .264 .295 5.00 .300 .209
4 14.7 159 .164 .280 .313 1.76 .321 .201
1 15.1 128 .132 .254 .283 3.82 .308 .277
G 20.9 210 .216 .270 .302 3.82 .308 .174
M 20.0 233 .240 .253 .283 1.47 .323 .154
F 19.1 185 .191 .242 .270 4.12 .306 .230
H 24.4 251 .259 .253 .283 1.18 .325 .133
C 23.6 203 .210 .250 .279 3.24 .311 .200
D 26.2 160 .165 .252 .282 2.06 .319 .235
83
Boric acid
Fire
Chemical
treatment
level
Rate of 
weight 
loss
.333\325/
Amount of 
radiation {  ̂ )
Percent
residue (Res Superiority
FactorRw R .333\.295/ Res .3 3 3 -I1.52
G. /ft.3 G. /min. / B. t.u./ 1-E of factors
ft.3 ft.2
B 1.8 293 .302 .280 .313 3.53 .309 .076
H 1.3 308 .317 .293 .328 2.65 .315 .040
12 1.3 331 .341 .283 .316 1.18 .325 .018
E 5.8 277 .285 .271 .303 3.82 .308 .104
6 5.8 238 .245 .275 .307 6.76 .288 .160
5 6.2 265 .273 .283 .316 4.12 .306 .105
9 4.4 283 .292 .266 .297 5.29 .298 .113
1 4.0 301 .310 .274 .307 4.71 .302 .081
4 4.4 262 .270 .267 .299 5.00 .300 .131
10 9.8 220 .227 .266 .297 6.47 .290 .186
A 6.7 257 .265 .278 .311 5.29 .298 .126
D 11.5 216 .223 .250 .279 9.71 .268 .230
G 13.8 233 .240 .275 .307 9.12 .272 .181
F 10.7 238 .245 .272 .304 7.94 .280 .171
N 20.9 204 .210 .240 .268 13.82 .241 .281
lO
Calcium chloride
Fire
Chemical
treatment
level
Rate of 
weight 
loss
.333X325/
Amount of 
radiation / R ]
Percent
residue .Res Superiority
FactorRw R .333V.295/ Res .333-11.52
G^ f t . ^ G./min./ B. t.u./ 1-E of factors
ft.2 ft. 2
A 6.2 300 .309 .294 .329 3.24 .312 .050
H 6.7 315 .325 .297 .332 3.82 .308 .035
C 6.7 308 .317 .293 .328 3.82 .308 .048
F 14.2 259 .267 .279 .312 3.53 .309 .113
G 14.2 288 .297 .279 .312 4.12 .306 .085
4 13.8 244 .251 .288 .322 6.76 .289 .139
D 21.8 209 .215 .274 .307 10.29 .265 .213
M 20.4 268 .276 .273 .305 10.88 .261 .158
5 20.0 202 .208 .279 .312 10.29 .260 .220
E 27.1 198 .204 .263 .294 19.12 .205 .297
8 25.3 194 .200 .257 .287 16.76 .221 .292
6 27.1 271 .279 .268 .299 14.71 .235 .187
9 31.6 224 .231 .254 .284 18.82 .207 .278
K 32.9 261 .269 .264 .295 18.82 .207 .229
7 32.4 213 .219 .249 .279 20.00 .200 .320
tocn
Magnesium chloride
Fire
Chemical
treatment
level
Rate of 
weight 
loss /Rw.\
.3331325/
Amount of 
radiation { ^ \
Percent
residue .Res Superiority
FactorRw R .333V.295/ Res 333-11.52
G-/ft.2 (j./min./ B. t.u./ 1-E of factors
ft.2 ft.3
B 7.5 232 .239 .281 .314 2.06 .319 .128
3 7.1 286 .295 .281 .314 1.76 .321 .071
12 7.1 317 .327 .300 .335 0.00 .333 .005
G 14.2 237 .244 .268 .300 2.06 .319 .137
10 15.1 163 .168 .277 .309 1.18 .324 .199
M 13.8 235 .242 .257 .288 2.06 .319 .152
K 22.6 178 .183 .234 .261 4.12 .306 .249
7 22.1 182 .188 .228 . 255 4.71 .302 .256
8 22.1 140 .144 .216 .241 5.00 .300 .315
9 30.1 192 .198 .231 .258 3.82 .310 .234
F 29.3 199 .205 .230 .257 6.47 .290 .248
6 30.1 179 .184 .205 .229 8.82 .274 .313
E 35.5 193 .199 .260 .291 8.82 .274 .237
S 36.0 150 .155 .248 .277 7.65 .282 .286
D 36.2 167 .172 .239 .268 6.47 .290 .271
HÎOOi
Magnesium sulfate
Fire
Chemical
treatment
level
Rate of 
weight 
loss
.333V325/
Amount of 
radiation / R )
Percent
residue .jRes Superiority
FactorRw R .333V.295/ Res .333-11.52
G./ft.2 G./min. / B. t.u./ 1-E of factors
ft.2 ft.®
6 4.0 339 .349 .290 .324 0.29 .331 .000
3 4.4 335 .345 .290 .325 0.00 .333 .000
9 4.9 311 .320 .286 .320 0.00 .333 .027
N 8.9 302 .311 .278 .310 2.06 .319 .060
4 9.3 304 .313 .283 .316 1.47 .323 .048
10 8.9 317 .327 .294 .329 3.53 .309 .035
12 12.9 274 .282 .284 .317 4.12 .306 .095
D 13.3 267 .275 .283 .317 4.71 .302 .106
5 16.0 311 .320 .276 .308 4.12 .306 .066
F 19.1 225 .232 .301 .336 7.06 .286 .146
H 18.2 246 .253 .292 .326 6.47 .290 .131
E 16.6 258 .266 .286 .320 7.06 .286 .128
A 24.4 268 .276 .281 .314 7.35 .284 .126
G 21.8 246 .253 .275 .307 5.88 .294 .146
B 23.1 265 .273 .292 .326 8.53 .276 .125
Phosphoric acid
Fire
Chemical
treatment
level
Rate of 
weight 
loss . I ^ \
.333V325/
Amount of 
radiation ( ^ ]
Percent
residue (Res Superiority
FactorRw R .333 V. 295/ Res .333-11.52
G./ft.^ G. /min. / B. t.u./ 1-S of factors
ft.2 ft.*
10 5.8 257 .267 .221 .247 8.24 .278 .208
12 5.8 280 .288 .219 .245 9.41 .270 .197
E 5.8 198 .204 .234 .262 8.53 .276 .258
N 11.5 184 .190 .192 .215 13.53 .243 .353
6 12.9 189 .195 .201 .224 12.06 .253 .328
5 12.4 208 .214 .191 .213 7.35 .284 .288
3 19.5 148 .152 .180 .201 13.82 .241 .405
4 18.6 186 .192 .186 .208 12.94 .247 .354
9 19.5 151 .156 .179 .200 17.65 .215 .430
D 25.8 163 .168 .176 .196 15.59 .229 .407
G 26.2 200 .206 .180 .201 24.12 .172 .417
A 26.2 136 .140 .147 .165 15.88 .227 .469
F 31.5 191 .197 .150 .168 18.53 .209 .426
H 29.7 181 .186 .172 .193 15.29 .231 .390
B 29.7 219 .226 .175 .196 16.47 .223 .355
00
Potassium carbonate
Fire
Chemical
treatment
level
Rate of 
weight 
loss
.333X325/
Amount of 
radiation / R \
Percent
residue jRes Superiority
FactorRw R .333 V. 295/ Res 333-11.52
ü.yft._^_ G*, /min./ B. t.u./ 1-S of factors
ft.2 ft.2
G 4.4 319 .329 .241 .269 3.53 .309 .093
3 4.4 311 .320 .248 .277 4.12 .306 .097
A 4.4 222 .229 .253 .283 2.94 .313 .175
E 10.2 222 .229 .247 .277 6.18 .292 .203
9 12.0 179 .184 .219 .245 9.12 .272 .299
N 10.2 205 .211 .228 .255 7.65 .282 • .252
H 18.7 209 .215 .191 .214 21.76 .188 .383
4 17.8 165 .170 .206 .231 20.59 .196 .403
8 15.1 144 .148 .220 .246 13.24 .245 - .362
M 21.8 143 .147 .163 .183 29.71 .135 .536
F 24.4 151 .156 .163 .182 32.35 .117 .545
D 23.1 185 .191 .171 .192 30.59 .129 .489
K 28.0 174 .179 .170 .190 33.24 .111 .520
5 26.2 167 .172 .153 .171 33.53 .109 .548
12 25.8 121 .125 .146 .163 36.76 .088 .625
M
58
Potassium chloride
Fire
Chemical
treatment
level
Rate of 
weight 
loss /— I.333V325/
Amount of 
radiation / R \
Percent
residue (Res Superiority
FactorRw R .333\.295/ Res. .333-11.52
G- /ft.3 G. /min./ B. t.u./ 1-S of factors
ft.% ft.%
8 3.6 372 .383 .278 .311 0.29 .331 .000
G 4.4 383 .395 .293 .327 6.00 .293 .000
B 3.6 360 .371 .291 .325 1.47 .323 .000
4 8.0 343 .353 .264 .295 3.24 .311 .041
H 8.9 370 .381 .283 .317 2.06 .319 .000
F 8.9 357 .368 .301 .336 2.65 .315 .000
M 13.8 348 .354 .275 .308 5.59 .296 .042
9 16.9 309 .318 .291 .329 7.65 .282 .071
D 17.3 347 .357 .279 .312 6.76 .288 .043
5 24.9 280 .288 .265 .297 14.12 .239 .176
12 25.8 354 .365 .294 .329 14.12 .239 .067
K 26.6 326 .336 .269 .301 13.24 .245 .118
N 31.1 358 .369 .272 .304 17.94 .213 .114
E 31.1 300 .309 .281 .314 17.65 .215 .162
C 31.1 354 .365 .284 .317 17.35 .217 .101
04o
Sodium tetraborate
Fire
Chemical
treatment
level
Rate of 
weight 
loss s
.333\325/'
Amount of 
radiation / R \
Percent
residue j Res Superiority
FactorRw R .333V.295/ Res .333 — 11.52
G./ft.^ G./min./ B. t.u./ 1-E of factors
ft.* ft.8
G 5.3 255 .263 .286 .320 3.82 .308 .109
H 5.3 238 .245 .289 .323 4.12 .306 .126
B 4.4 254 .262 .285 .319 3.23 .311 .108
D 6.2 223 .230 .278 .311 3.23 .311 .148
3 6.7 241 .248 .295 .330 3.82 .308 .114
8 6.7 222 .229 .287 .321 3.53 .309 .141
C 10.2 227 .234 .287 .321 7.35 .284 .161
4 11.1 198 .204 .269 .300 7.06 .286 .210
N 11.5 177 .182 .252 .282 9.12 .272 .264
F 13.8 144 .148 .269 .301 9.12 .272 .279
6 16.0 169 .174 .256 .286 11.18 .258 .282
A 14.2 194 .200 .266 .298 9.41 .270 .232
10 17.3 152 .157 .268 .299 11.47 .256 .288
1 19.1 135 .139 .262 .293 10.00 .266 .320
9 17.8 183 .189 .275 .307 10.59 .262 .242
Sodium silicate
Pire
Chemical
treatment
level
Rate of 
weight 
loss
.333\325/
Amount of 
radiation / R  ]
Percent
residue .Res Superiority
FactorRw R .333 V. 295/ Res .333-11.52
G-/ft.® G /min./ B. t.u./ 1-S of factors
ft.® ft.®
A 3.6 365 .376 .310 .347 3.53 .309 .000
4 2.7 293 .302 .307 .344 7.35 .284 .070
D 3.6 361 .372 .313 .350 4.12 .306 .000
G 8.0 343 .353 .313 .350 5.00 .300 .000
F 9.3 281 .289 .310 .346 7.35 284 .083
N 8.4 304 .313 .304 .340 4.70 .302 .045
10 13.8 283 .292 .304 .340 10.59 .262 .107
12 12.0 319 .329 .310 .347 6.76 .288 .037
H 12.9 302 .311 .316 .354 7.35 .284 .051
5 16.0 284 .293 .300 .336 10.00 . 266 .106
6 18.2 302 .311 .307 .344 8.35 .276 .070
E 18.2 231 .238 .300 .336 8.82 .274 .152
9 21.3 288 .297 .314 .351 12.65 .249 .101
B 19.5 242 249 .325 .363 10.88 .260 .127
1 19.5 373 .384 .333 .372 11.18 .258 .028
osto
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Rate of weight loss data from selected treatment
levels used in determining the Superiority Factors in table 10
Chemical
Chemical treatment level (g./sq. ft.)
5 10 15 20 25 30
— — “ — - G./min. /sq. ft._. - - — — — -
Diammonium phosphate 251 199 166 153 161
Monoammonium phosphate 239 186 163 171 212
Phosphoric acid 257 206 175 163 168 191
Potassium carbonate 263 214 180 161 157
Ammonium pentaborate 268 223 188 165 154 152
Sodium tetraborate, 253 201 168 154*
Boric acid 272 234 212 207
Ammonium sulfate 254 206 183 185 210
Magnesium chloride 278 242 212 190 177 172
Ammonium chloride 266 224 200 197*
Calcium chloride 298 273 254 240 231 226
Magnesium sulfate 311 295 278 260 243*
Sodium silicate 319 310 298 284
Potassium chloride 340 347 348 345 338 327
* Shows data that has been extrapolated from curves in
Appendices A, B, and C.
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Percent residue data from selected treatment levels
used in determining the Superiority Factors in table 10
Chemical
Chemical treatment level (g./sq. ft.)
5 10 15 20 25 30
Diammonium phosphate 7.00 12.13 15.50 17.06 16.88
Monoammonium phosphate 6.12 10.70 13.57 14.66 13.95*
Phosphoric acid 5.65 10.24 13.60 15.92 17.18 17.18
Potassium carbonate 3.53 8.50 15.20 23.01 32.12
Ammonium pentaborate 5.10 9.67 13.85 17.60 21.00 23.92
Sodium tetraborate 3.60 6.78 9.58 11.90*
Boric acid 4.47 7.94 10.82 12.94
Ammonium sulfate 1.83 3.01 3.42 3.13 2.10
Magnesium chloride 0.75 1.62 2.62 3.73 4.88 6.15
Ammonium chloride 0.38 0.96 1.66 2.54*
Calcium chloride 1.89 4.14 6.98 10.18 13.83 17.95
Magnesium sulfate 1.30 2.87 4.62 6.54 8.60*
Sodium silicate 3.97 7.00 9.27 10.78
Potassium chloride 1.43 3.41 6.00 9.10 12.78 17.00
* Shows data that has been extrapolated from curves in
Appendices A, B, and C.
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Amount of radiation data from selected treatment levels
used in determining the Superiority Factors in table 10
Chemical treatment level (s./sq. ft.i
Chemical 5 10 15 20 25 30
-B.t.u ./ft.S-
Diammonium phosphate .244 .208 .186 .177 .181
Monoammonium phosphate .258 .227 .201 .180 .165*
Phosphoric acid .247 .210 .186 .168 .156 .160
Potassium carbonate .260 .231 .205 .182 .164
Ammonium pentaborate .268 .248 .233 .224 .220 .222
Sodium tetraborate .286 .276 .267 .262*
Boric acid .277 .264 .255 .248
Ammonium sulfate .279 .267 .258 .254 .254
Magnesium chloride .280 .265 .254 .244 .238 .236
Ammonium chloride .296 .297 .300 .305*
Calcium chloride .292 .288 . 282 .276 .267 .259
Magnesium sulfate .289 .286 .284 .285 .288*
Sodium silicate .304 .309 .313 .314
Potassium chloride .288 .284 .280 .278 .278 .279
* Shows data that has been extrapolated from curves in
Appendices A, B, and C.
